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Abstract
The environment in which a galaxy resides plays a key role in how both the stellar
component and the dark matter halo evolve. Satellites of massive halos provide
important clues as to how accreted halos develop in a dense environment, and are
subjected to unique effects such as tidal disruption and gas stripping. Isolated
galaxies are shielded from effects induced by other galaxies, and so represent a ‘clean’
test of how galaxies grow in the context of the ΛCDM paradigm. In this work, I
examine the structure of a number of dwarf galaxies in a range of environments,
from the most isolated members of the Local Group to satellites of the Milky Way,
and consider what this suggests about the evolution of the galaxy halo.
I first present new spectroscopy of the isolated dwarf spheroidal galaxy Tucana.
Tucana displays a high velocity dispersion consistent with residing in a dense sub-
halo. I perform Jeans modelling of the density profile of Tucana, using the line–
of–sight velocities of its member stars. I find that it favours a high central density
consistent with pristine ΛCDM subhalos, and a massive dark matter halo consistent
with expectations from abundance matching. Tucana appears to be significantly
more centrally dense than other isolated Local Group dwarfs, and it is plausible
that the dearth of recent star formation has allowed it to retain its central mass.
I then present new chemo–kinematics of Hercules, a Milky Way satellite which is
purported to be tidally disrupting on the basis of its elongated shape and apparent
debris surrounding the central galaxy. I find little evidence for tidal disruption in
the kinematics of Hercules, with no significant velocity gradient across the galaxy.
The proper motion of Hercules is shown to be misaligned with the position angle
of the elongation, contrary to expectations from simulations, although this may be
resolved by future astrometry. With current data, the orbital path of Hercules is
too uncertain to determine the extent to which Hercules has been affected by the
tidal influence of the Milky Way.
In the final chapter I introduce a new survey of isolated, low mass dwarf galax-
ies in the Local Group. Under ΛCDM, galaxies at all mass scales are believed to
grow through hierarchical merging of smaller bodies. Traces of this accretion history
should be observable as substructures in the virial halo of galaxies. Using photome-
try of isolated dwarfs across a range of low halo masses, this survey aims to quantify
whether such structured halos are observed at all scales, or whether there is a mass
scale at which galaxies no longer accrete smaller systems.
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Chapter 1
Introduction
1.1 A ΛCDM Universe
The prevailing cosmological paradigm is the Lambda Cold Dark Matter (ΛCDM)
model. In this model just 5% of the Universe consists of the luminous baryonic
matter we observe as stars and galaxies. The dominant ∼ 70% comprises the dark
energy which drives the universal expansion, while the remaining 25% is made up of
cold, non–baryonic dark matter (Planck Collaboration et al., 2018). This invisible
matter was first inferred by Fritz Zwicky, who measured the gravitational mass of
the Coma galaxy cluster and found it to be 400× greater than expected from the
luminosity (Zwicky, 1933, 1937). Vera Rubin’s observations of the flattening of
rotation curves at large radii expanded on studies of neutral hydrogen (Rogstad and
Shostak, 1972; Bosma, 1978; van Albada et al., 1985) to show that there must be a
substantial amount of dark matter surrounding the central galaxy– the dark matter
halo (Rubin and Ford, 1970; Rubin, 1983). Dark matter is characterised as being
non–relativistic; that is, its velocity is much less than that of the speed of light.
It only interacts with other particles through gravity (‘collisionless’), and cannot
cool by radiating photons (‘dissipationless’). A number of candidates have been
purported as the cold dark matter particle, including axions and WIMPs (weakly
interacting massive particles), but no direct detections have been made to date (see
Feng 2010 for a review of dark matter candidates).
In 1922, Alexander Friedmann derived equations from Einstein’s General Theory
of Relativity which implied a universe which expands at a calculable rate (Fried-
mann, 1922)— an idea initially rejected by Einstein, who searched for a ‘cosmological
constant’ to reconcile General Relativity with a static universe. The expansion of
the Universe, initially detected by Georges Lemaˆıtre (Lemaˆıtre, 1927), was famously
confirmed by Edwin Hubble (Hubble, 1929a), who combined his own measurements
of the distance to galaxies with Vesto Slipher’s measurements of their receding veloc-
ities, and found a strong correlation between redshift and distance. With improved
observations, it has been shown that the expansion is accelerating (Riess et al., 1998;
1
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Figure 1.1: Timeline of the evolution and expansion of the Universe from the Big
Bang to the present day. Figure credit: NASA / WMAP Science Team
Perlmutter et al., 1999) due to the domination of dark energy— the Λ in ΛCDM.
Lemaˆıtre (1927) noted that an expanding Universe can in theory be traced back
to an origin at a single point. Beginning as an initial singularity, the Universe began
to expand. In the early Universe, quantum fluctuations created ripples in spacetime
such that the density of the Universe was not homogenous. Between 10−36 and 10−32
seconds after the Big Bang, the Universe underwent a rapid period of expansion
known as cosmic inflation (Linde, 1982) during which it increased in volume by a
factor of 1078. The primordial fluctuations expanded by inflation became the initial
seeds for later structure growth (Zeldovich, 1972). As the Universe continued to
expand it cooled, until around 377000 years after the Big Bang it became cool enough
for protons and electrons to recombine to form neutral atoms. Once the temperature
cooled to ∼ 3000K, matter and radiation decoupled. The released photons form the
cosmic microwave background (CMB) observed today— an incidental discovery by
Penzias and Wilson (1965) which provided ‘smoking gun’ evidence for the Big Bang
theory. The CMB has now cooled to 2.7K (Fixsen, 2009), though small variations
in the temperature hint at the quantum fluctuations of the early Universe (White
et al., 1999). The first galaxies and clusters began to grow in the dense filaments
of dark matter previously seeded by the primordial fluctuations (see section §1.1.1).
Eventually, the energy they radiated was sufficient to reionize the neutral hydrogen
to form an ionized plasma. Following this period of reionization, which may have
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quenched star formation in smaller galaxies, the Universe continued to expand to its
present state, some 13.8 Gyr after the Big Bang (Planck Collaboration et al., 2018).
This history is summarised in Fig. 1.1.
ΛCDM is the most widely recognised model of the Universe because it provides
simple explanations for many observed properties, including the large scale structure
of galaxies, the existence of the cosmic microwave background, and the accelerating
expansion of the Universe. However, it should be noted that a number of other
dark matter models exist, including warm dark matter (Viel et al., 2005) and self–
interacting dark matter (Spergel and Steinhardt, 2000). There are also alternative
theories of gravity which remove the dark matter element entirely. Modified New-
tonian Dynamics, or MOND, proposes variations to Newton’s laws of gravity to
explain the flat rotation curves which initially led to the theory of dark matter (Mil-
grom, 1983). While successful at explaining some phenomena, MOND is unable to
reproduce observations of large scale structure and the CMB (Dodelson, 2011). In
this thesis I will assume a ΛCDM cosmology throughout.
1.1.1 The Structure of the Dark Matter Halo
Under the ΛCDM paradigm, the Universe is seeded by near scale invariant fluctu-
ations (Planck Collaboration et al., 2018). The densest regions attract surround-
ing material until their gravity outweighs the outwards pressure, and they undergo
gravitational collapse (Jeans, 1902). Gravitational potential energy is converted to
kinetic energy and dark matter halos form.
When the dark matter halo reaches equilibrium, it obeys the virial theorem
< T >= −0.5 < V >. The mass of the dark matter halo is defined as the mass
Mvir enclosed by the radius Rvir within which the system is virialized. Rvir is defined
as the radius at which the local density is some multiple Λ of the critical density
ρc. Λ = 200 is generally adopted, such that ρ(< R200) = 200ρc. Mvir and Rvir are
denoted as M200 and R200: this notation is used throughout this thesis (Bullock and
Boylan-Kolchin, 2017).
The internal structure of the dark matter halo may be best characterised by its
density profile. Dubinski and Carlberg (1991) showed that the profile transitions
from a steep profile in the outer regions, where ρ ∝ r−3, to a flatter central cusp
where ρ ∝ r−1. The radius at which this transition occurs, r−2, is incorporated
into the halo concentration parameter c = rvir
r−2
; the density profile can therefore be
described completely if Mvir and c are known. The central density profile is usually
described by either a Navarro, Frenk and White (NFW, Navarro et al. 1996) profile,
of the form
ρ(r) =
4ρ−2
(r/r−2)(1 + r/r−2)2
, (1.1.1)
where ρ−2 is the density at r−2. An alternative is the three parameter Einasto profile
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(Einasto, 1965). Although Einasto may provide a better fit to simulations (Merritt
et al., 2006), NFW is almost as good in small halos, and is usually adopted as it
takes a simpler form (Dutton and Maccio`, 2014).
The virialised halo accretes baryonic material (i.e. gas) which cools through
collisions and emission. As the gas cools it sinks to the bottom of the gravitational
potential, such that the stars which form are deeply imbedded in the halo. In ΛCDM,
smaller halos collapse first, then accrete to form larger structures; thus, the Universe
evolves through ‘hierarchical merging’ (White and Rees, 1978; Fall and Efstathiou,
1980). The dense centres of small haloes are able to survive hierarchical mergers. It
is therefore expected that dark matter halos should be filled with substructure, with
a subhalo count proportional to the mass of the halo. As the stars are more tightly
bound to the progenitor halo than the dark matter, they are less easily stripped
during the mergers, and so stellar mass is a strong indicator of the pre–infall halo
mass of the subhalo (but not the present day halo mass).
1.1.2 Small Scale Challenges in ΛCDM
The ΛCDM paradigm is well accepted and accurately describes structure on scales
greater than 10 Mpc. However, on smaller scales, such as those of galaxies, tensions
arise. Several key problems have been identified in the literature, often arising from
discrepancies between ΛCDM simulations and observations of the Local Group.
Missing Satellites
One of the main tensions with applying ΛCDM on small scales lies in the discrepancy
between the number of satellites observed around the Milky Way, and the number
of dark matter subhalos predicted by simulations (Moore et al., 1999; Klypin et al.,
1999). Pure dark matter simulations of Milky Way–sized halos suggest that 1000s of
subhalos should exist with masses large enough to support star formation. However,
only ∼ 60 satellites of the Milky Way have been identified, suggesting that the
majority of dark matter subhalos may have failed to form luminous matter (Maccio`
et al., 2010; Sawala et al., 2016). Either these galaxies are somehow precluded from
current observations, or they are ‘dark’ and devoid of stars. This ‘missing satellites’
problem can also be defined in terms of the stellar mass function. The observed mass
functions of satellites in the Local Group is significantly flatter than the predicted
dark matter halo mass function (Bullock and Boylan-Kolchin, 2017).
Given the high rate of satellite discoveries over the past 30 years, and with
new surveys pushing ever deeper into the ultra–faint regime, it is entirely plausible
that the census of Milky Way satellites is not yet complete. To rectify the missing
satellites problem, up to an order of magnitude more galaxies would need to lie
currently undetected. By accounting for the completeness limits of SDSS, Tollerud
et al. (2008) estimate that ∼500 detectable satellites lie within the Milky Way virial
radius. If these detections are made by ongoing and future large scale surveys, this
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Figure 9
The cusp-core problem. The dashed line shows the naı¨ve !CDM expectation (NFW, from dark matter–
only simulations) for a typical rotation curve of a Vmax ≈ 40 km s−1 galaxy. This rotation curve rises quickly,
reflecting a density profile with a central ρ ∝ 1/r cusp. The data points show the rotation curves of two
example galaxies of this size from the LITTLE THINGS survey (Oh et al. 2015), which rise more slowly
and are better fit by a density profile with a constant density core (Burkert 1995, cyan line). Abbreviations:
CDM, cold dark matter; NFW, Navarro–Frenk–White.
remaining smaller subhalos to galaxy formation physics. As pointed out by Boylan-Kolchin et al.
(2011), this solution makes a testable prediction: The inferred central masses of MW satellites
should be consistent with the central masses of the most massive subhalos in !CDM simulations
of MW-mass halos. Their comparison of observed central masses to !CDM predictions from
the Aquarius (Springel et al. 2008) and Via Lactea II (Diemand et al. 2008) simulations revealed
that the most massive !CDM subhalos were systematically too centrally dense to host the bright
MWsatellites (Boylan-Kolchin et al. 2011, 2012). Although there are subhalos with central masses
comparable with the MW satellites, these subhalos were never among the∼10 most massive ones
(Figure 10). Why would galaxies fail to form in the most massive subhalos, yet form in DM
satellites of lower mass? The most massive satellites should be “too big to fail” at forming galaxies
if the lower-mass satellites are capable of doing so (thus the origin of the name of this problem).
In short, though the number of massive subhalos in DM-only simulations matches the number
of classical dwarfs observed (see Figure 10), the central densities of these simulated dwarfs are
higher than the central densities observed in the real galaxies (see Figure 8).
Although too-big-to-fail was originally identified for satellites of the MW, it was subsequently
found to exist in Andromeda (Tollerud et al. 2014) and field galaxies in the Local Group (those
outside the virial radius of the MW and M31; Kirby et al. 2014). Similar discrepancies were also
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Figure 1.2: Diagram illustrating the cusp–core problem in ΛCDM. The dashed line
marks the expected cusped NFW profile. The data points show the rotation curves
of two gal xie , derived from observations of the Hi gas, which are more closely
matched by the shallower cored profile marked in cyan. Figure taken from Bullock
and Boylan-Kolchin (2017).
could significantly reduce the magnitude of the problem. It should be noted that
some satellites may also be obscured by the plane of the Milky W y.
Recen refineme ts to the abundance matc ing mechanism may esolve, or at
least alleviate, the missing satellites problem. Abundance matching is the process
of mapping galaxies of an observed number density to dark matter halos of the same
predicted number density (Peacock and Smith, 2000; Kravtsov et al., 2004; Vale and
Ostriker, 2004). From this, a direct relationship between an observable parameter
and the halo m s can be d rived, provid d there is a m notonic correlation b tween
the two. Traditio ally, stellar mass is used as th observable parameter, but recent
work by Read and Erkal (2019) instead uses star formation rate, as it has less scatter
at a given pre–infall halo mass. The resulting cumulative mass function finds no
disagreement with simulations at M200 > 10
9M— the mass scale of ultra–faint
dwarf galaxies.
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The Cusp–Core Problem
A further tension relates to the central density of dark matter subhalos. Assume
the dark matter density profile can be described by the functional form ρ(r) ∝
r−γ. Dark matter only simulations predict that the density profile of dark matter
halos should have a steep cusp at small radii, following the NFW profile such that
0.8 ≤ γ < 1.4 for low mass galaxies (Navarro et al., 2010; Bullock and Boylan-
Kolchin, 2017). However, galaxy rotation curves derived from observational data
often favour a flattened central core with an approximately constant density in the
inner regions, where 0 ≤ γ < 0.5 (Fig. 1.2, Flores and Primack 1994; Moore 1994).
This discrepancy implies that there should be significantly more dark matter in the
centre of galaxy halos than is currently observed (Oman et al., 2015).
The tendency towards a cored profile is prevalent, particularly in gas–rich dwarfs,
but not universal. A number of methods can be used to determine the slope of
the profile. Walker and Pen˜arrubia (2011) measure the slope directly from stellar
positions and kinematics, while others note that globular clusters would be destroyed
by dynamical friction in a cusped galaxy (Goerdt et al., 2006). Thus Fornax (Cole
et al., 2012; Amorisco et al., 2013) and Eridanus II (Contenta et al., 2018) are
thought to be cored based on the dynamics of their clusters. On the other hand,
cusps are suspected in Sculptor (Richardson and Fairbairn, 2014; Strigari et al.,
2014) and Draco (Read et al., 2018).
Too Big To Fail?
If the cusp–core problem is a statement that the observed inner density of dwarf
galaxies is too low compared to ΛCDM observations, this can be interpreted as
those dwarfs being incompatible with the halos they are placed in by abundance
matching, unless those halos are cored (Read et al., 2006). Boylan-Kolchin et al.
(2011) note that the largest subhalos in ΛCDM simulations of Milky Way–sized
halos were systematically too dense to host the classical Milky Way satellites. The
most massive halo compatible with the kinematics of each satellite was significantly
smaller than the one suggested by abundance matching (Papastergis and Shankar,
2016); yet why would galaxies form in lower mass subhalos but not in the most
massive? The simulated halos are too massive for their star formation to have been
suppressed by feedback, hence they are considered ‘too big to fail’ to form galaxies.
It has been shown that this problem is not limited to the Milky Way satellites:
abundance matching also places Andromeda’s population of dwarf spheroidals in
subhalos far too dense to host them (Tollerud et al., 2014). However, Read et al.
(2017) find that there is no too big to fail or missing satellites problem in isolated field
dwarfs, suggesting that these problems are dependent on environment. It has been
proposed that a reduction in the mass of the Milky Way halo would proportionally
decrease the number of massive subhalos produced in simulations. However, in
order to maintain the observed Local Group dynamics, the mass of M31 would
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need to increase proportionally (Tollerud et al., 2014). Given that too big to fail is
also a known problem in M31 satellites, this is not a viable solution. Similarly, tidal
destruction of satellites is also not a viable solution, because this would preferentially
remove low mass galaxies and not the most massive (Read et al., 2006; Boylan-
Kolchin et al., 2011).
Dark Matter Heating: A Solution to the Small Scale Challenges?
Many proposed solutions to the small scale challenges described above require mod-
ifications to the ΛCDM paradigm. However, there is a mechanism by which a cusp
can be reduced to a core within the ΛCDM model. As the gravitational potential at
the centre of the halo fluctuates, energy is transferred to the dark matter particles,
pushing them out to larger orbits and expanding the dark matter halo (Navarro
et al., 1996; Pontzen and Governato, 2012; On˜orbe et al., 2015; Read et al., 2016).
A neat source of these gravitational fluctuations is extended, bursty star formation,
whereby supernovae and stellar feedback lead to gas outflows, and cooling leads
to gas inflows, causing the gravitational potential to vary over time. The effect
of this ‘dark matter heating’ is small (Gnedin and Zhao, 2002), but over multiple
star formation bursts dark matter can be redistributed sufficiently for complete core
formation (Read and Gilmore, 2005). This requirement means galaxies which have
undergone a longer period of star formation would be expected to have a lower
central density and therefore host cores (Read et al., 2016). Galaxies whose star
formation was quenched long ago have been able to preserve their dark matter and
thus retain a central cusp. Read et al. (2019) demonstrated that a sample of dSph
and dIrr galaxies could be characterised into two classes: those with extended star
formation exhibited central densities consistent with cored profiles, while those with
only old populations were consistent with hosting dark matter cusps. Furthermore,
Read et al. (2016) show that this method of core formation is possible at all stellar
masses, provided that star formation proceeds for long enough and that core size
scales directly with half–light radius.
While dark matter heating provides an obvious solution to the cusp–core prob-
lem, it can also resolve the missing satellites and too big to fail problems. In the
case of the former, Pen˜arrubia et al. (2010) show that the extent to which a satellite
is tidally stripped on infall is strongly dependent on the shape of its dark matter
profile (Read et al., 2006; Zolotov et al., 2012). Cored dwarfs are much more suscep-
tible to tidal stripping than those with central cusps; thus if a majority of halos are
cored, this would reduce the number of subhalos expected to host luminous galax-
ies, somewhat alleviating the missing satellites problem (Brooks et al., 2013). Dark
matter heating may resolve the too big to fail problem as well. If the majority of
cusps have indeed been reduced to cores, the halo masses inferred from their stellar
velocity dispersions are likely to be underestimated (Di Cintio et al., 2014). Re–
evaluating the inferred halo masses under the assumption of a cored profile is likely
to bring the masses into agreement.
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1.2 What is a Dwarf Galaxy?
Galaxies, as we know them today, are a relatively recent discovery. For much of
history, their diffuse appearance on the sky led people to conclude that they were
nebulae within the Milky Way, which was believed to encompass the entire universe.
In 1750, Thomas Wright was the first to propose that the Milky Way is in fact a
flattened disk of stars, and that what were believed to be clouds or nebulae were in
fact separate ‘island universes’— an idea expanded upon by Immanuel Kant in his
Universal Natural History. However, even into the 20th Century many continued
to believe that they were small nebulae located in the outskirts of the Milky Way.
This culminated in the ‘Great Debate’ between Harlow Shapley and Heber Curtis,
held at the Smithsonian in 1920. Curtis argued that more novae were observed in
Andromeda than in the Milky Way, which could not be explained if M31 was just a
small region of the Milky Way; Shapley argued that Andromeda had to lie within the
Milky Way based on their relative sizes and the uncertainty in contemporary distance
measurements. In 1924 the debate was settled by Edwin Hubble’s observations
of Cepheid variables, which proved conclusively that the nebulae were located at
extragalactic distances, and were in fact entirely separate galaxies (Hubble, 1929b).
Dwarf galaxies are by far the most abundant in the Universe. The VIMOS
Public Extragalactic Redshift Survey estimates that ∼ 95% of all galaxies in the
visible universe are dwarfs (Bel et al., 2014). Consisting of up to one billion stars,
they are found both as satellites of larger galaxies and as isolated systems. Dwarf
galaxies regularly interact with each other and nearby massive galaxies, and, like
their larger counterparts, are believed to form within dark matter halos. However,
despite their prevalence, there is no clear definition of what constitutes a dwarf
galaxy.
At high masses, there is no standard interpretation of the luminosity or mass
at which a dwarf is separated from a ‘massive’ galaxy such as the Milky Way or
Andromeda. Indeed, most definitions are not based on a physical characteristic,
but are engineered to suit the given study. Within the Local Group, the Magellanic
Clouds and the Triangulum Galaxy (M33) are some of the most ambiguous galaxies.
Both the Large and Small Magellanic Clouds are satellites of the Milky Way, and
so may be considered to be dwarfs. However, they are significantly more massive
than the rest of the Milky Way subgroup, while the LMC hosts a stellar bar which
is probably a remnant of a destroyed spiral structure— unusual in a dwarf galaxy.
M33, the third largest member of the Local Group, displays a full spiral structure
and yet is probably a satellite of Andromeda. So there is no easy consensus.
At the other end of the scale, it becomes increasingly challenging to distinguish
low mass dwarf galaxies from globular clusters. The smallest dwarf galaxies can be
more than 105× fainter than the classical dwarfs, with half–light radii up to 100×
smaller. Meanwhile, the Milky Way hosts a halo of around 200 globular clusters,
the most distant of which are located further from the galactic centre than the
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Figure 1.3: Half–light radius vs. absolute V–band magnitude for Local Group
dwarf galaxies and globular clusters. Globular clusters are taken from Harris (1996)
and shown as cyan points. Dwarf galaxies, taken from McConnachie (2012), are
shown as squares and divided into MW satellites (green), M31 satellites (orange),
isolated dwarf galaxies (magenta), and ‘ambiguous dwarfs’ (white), where ambiguous
dwarfs are those without a clear classification according to McConnachie (2012). At
the faint end, it may prove challenging to distinguish globular clusters from low
mass dwarf galaxies.
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Magellanic Clouds (e.g. NGC 2419). In Fig. 1.3 I show the distribution of dwarf
galaxies and globular clusters in size–luminosity space. There is a clear correlation
between luminosity and half light radius in dwarf galaxies, while globular clusters
form a grouping at small radii. Above MV ≈ −6, the two populations can be easily
distinguished. However, at fainter magnitudes there is some overlap between the
subsets. Many of the ‘dwarf galaxies’ below MV = −5 are ambiguous, meaning they
have not been definitively categorised as either small dwarf galaxies or extended
globular clusters (see, for example, Segue 1, Willman 1 and Boo¨tes). As the sample
of ultra–faint dwarf galaxies grows, it will only become more difficult to disentangle
these populations.
Dwarf galaxies are usually divided into three classes: dwarf irregulars, dwarf
spheroidals, and dwarf ellipticals. Late type dwarf irregular galaxies (dIrrs) are
gas–rich with clear evidence of active and ongoing star formation. Most have been
shown to be rotation supported. They are usually isolated or located in the field
(with the notable exception of the Magellanic Clouds), and as such are likely to have
been insulated from gravitational effects from other galaxies, instead growing solely
through self-enrichment. dIrrs are generally not heavily dominated by dark matter,
with mass–to–light ratios <10–20 in most cases.
By contrast, dwarf spheroidal galaxies (dSphs) are characterised by their dearth
of gas, and subsequent lack of recent star formation. All are observed to be devoid
of Hi gas and quiescent. They are known to be highly dark matter dominated,
with mass–to–light ratios of 10–1000 (see Fig. 1.4) making them ideal probes of
the underlying dark matter halo. This is in contrast to globular clusters, for which
there is no evidence of a dark matter halo (Bradford et al., 2011; Ibata et al., 2013).
Most satellites of the Milky Way and M31 are dSphs— although there are a small
number of isolated dSphs— and some propose that interactions with the host may
have stripped the gas in the galaxy (e.g. Teyssier et al. 2012). It has been shown
that the Milky Way dSph population shares a universal mass profile (Strigari et al.,
2008; Walker et al., 2009b; Wolf et al., 2010), while Collins et al. (2013) show that
the dSph population of Andromeda is consistent with that of the Milky Way.
A common supposition is that dwarf spheroidals are dIrrs which have lost their
gas on infall, transforming from a rotation supported system to a dispersion sup-
ported system governed by random motions (Lin and Faber, 1983; Mayer et al.,
2001). Indeed, some dwarfs with intermediate properties— usually a lack of current
star formation despite young stellar populations— are classified as dIrr/dSph transi-
tion types (for example, Phoenix, Pegasus, Leo T, among others). It was previously
thought that such a transition was not plausible, because dIrrs were believed to have
a lower metallicity than dSphs (Grebel et al., 2003). However, Kirby et al. (2013)
showed that this is because photometric metallicities are age–dependent, and the
younger populations present in dIrrs were misinterpreted as being of lower metal-
licity. Instead, they found that dIrrs and dSphs follow the same mass–metallicity
relation. Tidal interactions and mergers could in theory cause a dIrr–dSph tran-
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Figure 1.4: Subplots showing known scaling relations for size, luminosity, metal-
licity and mass of Milky Way (green) and M31 (orange) satellite dSphs. Top left:
Velocity dispersion as a function of half–light radius. The dashed lines show the
best fit NFW and cored halo profiles as defined in Walker et al. (2009b); Collins
et al. (2014). Top right: Half–light radius as a function of absolute V–band magni-
tude, with the relation from Brasseur et al. (2011) shown (shaded region indicates
1σ scatter). Bottom left: [Fe/H] plotted against luminosity. The dashed line and
shaded region indicate the Kirby et al. (2013) relation with rms scatter. Bottom
right: Stellar mass as a function of luminosity. Lines of constant mass–to–light ratio
are indicated.
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Figure 1.5: Imaging of the dwarf irregular galaxy IC10 (Massey et al. 2007, left)
and the dwarf spheroidal galaxy Fornax (ESO/Digitized Sky Survey 2, right). Note
the extended gas clouds in the star forming dIrr, and the lack thereof in the quiescent
dSph.
sition, removing gas and randomising the stellar motions, although this does not
necessarily explain the population of isolated dwarf spheroidals. Photometry of
both a dIrr and dSph galaxy is shown in Fig. 1.5.
An elliptical galaxy is considered to be a dwarf if it has an absolute magnitude
fainter than MB = −18 (Graham and Guzma´n, 2003). Such dwarf ellipticals (dEs)
are commonly found in galaxy clusters, but are rarer in the field; as such, they
may require a high density environment to form. Many display strong rotation in
their kinematics, and it has been suggested that they may be the remnants of spiral
galaxies disrupted by neighbouring galaxies in the dense locale (Penny et al., 2016;
Janz et al., 2017). Dwarf ellipticals possess old, red stellar populations with no
ongoing star formation (Rudenko et al., 2009). An archetypal dE is the Andromeda
satellite M110.
The orbital paths of dwarfs often bring them into close contact with their massive
hosts. The gravitational attraction on the side of the dwarf closest to the host is
much stronger than that on the far side, causing the dwarf to be pulled apart by
the tidal forces. Stars from the dwarf are stretched out along the path of the orbit
into a stellar stream, which can range in nature from a significant elongation of the
satellite to a ring which loops around the host multiple times. The effects of tidal
disruption on a dwarf can be seen not only in its morphology, but also in the presence
of velocity gradients across the system. Debris from tidal interactions may also be
seen in the form of shells, faint arcs of material which often appear concentric with
the dwarf. The extent of disruption of the stellar population is dependent on how
close the approach to the host is; a weaker interaction may strip the gas from the
system and reorder the motion of the stars— this is a possible formation mechanism
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for dSphs as described above.
1.3 Dwarf Galaxies in the Local Group
The term ‘Local Group’ was first used by Edwin Hubble in 1936 to refer to “a
typical small group of nebulae which is isolated in the general field”. Nowadays,
the Local Group is defined as the gravitationally bound system of galaxies in which
our own galaxy, the Milky Way, resides. The Local Group itself resides in the Virgo
Supercluster, which has been confirmed as a lobe of the Laniakea Supercluster (Tully
et al., 2014), illustrating the hierarchical nature of cosmic structure. With a radius
of ∼ 3 Mpc (Karachentsev, 2005) and an estimated total mass of MLG ≈ 4×1012M
(Gonza´lez et al., 2014), the Local Group consists of up to 100 galaxies of varying
size and morphology (McConnachie, 2012). By far the largest two members are the
Milky Way and Andromeda (M31), with a combined mass of M ≈ 2.4 × 1012M
(Gonza´lez et al., 2014). It is currently unclear which is the larger of the two, although
recent measurements suggest the Milky Way may be larger by a factor of two (Kafle
et al., 2018; Watkins et al., 2019). At present these two galaxies are separated by
0.8 Mpc (McConnachie et al., 2005), and are moving towards each other at a rate
of 300kms−1, such that they are expected to merge in ∼ 4.5 Gyr (van der Marel
et al., 2019). The Milky Way and M31 each play host to a system of dwarf galaxy
satellites. Almost 60 Milky Way satellites have been identified (Simon, 2019), while
M31 hosts at least 36 galaxies in its own subgroup (McConnachie et al., 2018). In
addition, there are 42 known galaxies which lie more than 300 kpc from the Milky
Way or M31, classed as isolated or field dwarfs (Higgs et al., 2016). Spanning a wide
range of morphological types and ages, this diverse assortment of systems makes the
Local Group the ideal backdrop for understanding the structure and evolution of
galaxies. For a comprehensive census of the Local Group dwarf galaxy population,
I refer the reader to McConnachie (2012).
1.3.1 Satellites of the Milky Way
Prior to the 21st century, only a small number of satellites of the Milky Way were
known. The Large and Small Magellanic Clouds are both visible to the naked
eye and hence have been known since antiquity (the earliest recorded reference is
from Persian astronomer Abd al–Rahman al–Sufi in 964). The first Milky Way
satellites detected by telescopic studies were Sculptor and Fornax, both identified
by Harlow Shapley in 1938 (Shapley, 1938) and named for the constellations they
are located in, as has become convention. Over the course of the 20th Century,
a further 7 satellites were identified, namely Leo I; Leo II; Ursa Minor; Draco;
Carina; Sextans; and Sagittarius. With the exception of the Magellanic Clouds and
the tidally disrupting Sagittarius, these are collectively referred to as the ‘classical
dwarfs’, since they largely set the standard for this class of stellar system.
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Sakamoto & Hasegawa 2006; Irwin et al. 2007; Walsh, Jerjen & Willman 2007). Over the
following decade, new discoveries continued at a rapid pace in SDSS and other surveys
(e.g., Belokurov et al. 2008, 2009, 2010; Bechtol et al. 2015; Koposov et al. 2015a, 2018;
Drlica-Wagner et al. 2015, 2016; Martin et al. 2015; Kim et al. 2015a; Kim & Jerjen 2015;
Laevens et al. 2015b,a; Torrealba et al. 2016b, 2018; Homma et al. 2016, 2018), such that
the Milky Way satellite census has now doubled yet again (Figure 1). Thanks to significant
investments of telescope time in deep imaging and spectroscopy of the newly discovered ob-
jects, along with accompanying theoretical modeling, we now have a general understanding
of the properties of these systems and their place in galaxy evolution and cosmology.
Figure 1 Census of Milky Way satellite galaxies as a function of time. The objects shown
here include all spectroscopically confirmed dwarf galaxies as well as those suspected to
be dwarfs based on less conclusive spectroscopic and photometric measurements. The ma-
jor discovery impact of SDSS (from 2005-2010) and DES/Pan-STARRS (2015), each of
which approximately doubled the previously known satellite population, stands out in this
historical perspective.
While the faintest dwarf galaxies resemble globular clusters in some ways, when the pop-
ulation of low luminosity stellar systems is considered as a whole it is clear that they are
galaxies rather than star clusters: (1) The stellar kinematics of ultra-faint dwarfs (UFDs)
demonstrate that they contain significant amounts of dark matter; (2) All but the very
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Figure 1.6: Timeline showing the number of known Milky Way satellites as a
function of time. Until the earl –2000s only th classical dwarfs were known. The
advent of digital surveys such as SDSS and Pan-STARRs has more than tripled the
sample size. T is figure is taken f om Simon (2019).
The advent of large scale digital surveys such as the Sloan Digital Sky Survey
(SDSS) and the Dark Energy Survey (DES) has led to a oom in the number of
known Milky Way satellites in the 21st Century. To date, almost 60 have been
discovered (Fig. 1.6, Simon 2019), and that number is only likely to increase as
surveys extend to fainter magnitudes. Most of these new discoveries are ultra–faint
dwarfs: previously precluded from observation by their low surface brightness, they
have now been detected as statistical overdensities in survey data. This advance
into new regimes not only improves the number statistics in population studies, but
also explores new environments and morphologies only observable around the Milky
Way. Many ultra–faint dwarfs appear to be fossil galaxies, whose star formation
was cut off by reionization (Brown et al., 2012), providing a window into the early
stages of galaxy formation.
To define membership of the Milky Way subgroup, McConnachie (2012) applies
the distinction that dwarfs within the virial radius Rvir ≈ 300 kpc (Klypin et al.,
2002) are likely to be bound satellites, though with the caveat that some more
distant galaxies such as Leo T and Phoenix may also be bound. However, recent
studies of satellite orbits have shown that some of these dwarfs may have originally
been bound to the LMC, and as such can be classed as ‘satellites of satellites’. Erkal
and Belokurov (2019) find 7 dwarfs which were likely accreted as part of the LMC
group, including the SMC (see also Kallivayalil et al. 2018). This suggests that some
satellites formed by accretion and were later captured by more massive galaxies.
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Figure 1.7: The SDSS ‘Field of Streams’, discovered by Belokurov et al. (2006).
A number of stellar streams in the northern sky are visible, including Orphan and
Sagittarius, and the tidal tails of the disrupting globular cluster Palomar 5.
One particularly unusual ultra–faint satellite is Segue 1, first detected by Be-
lokurov et al. (2007) and initially suspected to be an unusually extended globular
cluster. Despite having the smallest half–light radius of any Local Group dwarf,
spectroscopy suggests an exceptionally high mass–to–light ratio of M/L ≈ 3400 (Si-
mon et al., 2011), which would render it highly dark matter dominated in a dense
subhalo. However, this remains a controversial result, with some arguing that the
figure may have been inflated by tidal effects— Segue 1 is just 23 kpc from the
Milky Way— or that the sample may have been contaminated by the Milky Way
foreground (Niederste-Ostholt et al., 2009). Orbital studies are inconclusive about
its origin (Fritz et al., 2018b).
A number of Milky Way satellites show signs of tidal disruption. A potential
binary system exists in Leo IV and the potentially tidally disrupting Leo V (Sand
et al., 2012; Collins et al., 2017; Mutlu-Pakdil et al., 2019a), separated by just 3◦
on the sky, and located at similar distances (160–180 kpc) with similar heliocentric
velocities (Belokurov et al., 2008). One structure which may be the remnant core
of a disrupted dwarf is the globular cluster Omega Centauri (ω Cen; Meza et al.
2005; Noyola et al. 2008). It is significantly more massive and more luminous than
the other Milky Way globular clusters (Harris, 1996), and orbits in a retrograde
direction relative to the Milky Way disk, indicating that it was accreted as opposed
to forming in situ (Dinescu et al., 2001). The detection of stellar streams has been
greatly improved by the introduction of large–scale surveys. The famous ‘Field of
Streams’ image discovered by Belokurov et al. (2006) uncovered a number of streams
around the Milky Way in the same region of the northern sky (Fig. 1.7). Prominent
in the centre of the field is the Sagittarius stream. First detected by Ibata et al.
(1994), the Sagittarius dwarf is the second closest companion to the Milky Way, and
its tidal streams can be seen to wrap right around the galaxy (Ivezic´ et al., 2000).
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The Orphan Stream, detected in SDSS data by Belokurov et al. (2006), extends for
over 200◦ across the sky (Koposov et al., 2019), yet to date no plausible progenitor
has been found. On the other hand the Monoceros Ring, once thought to be the
remnant stream from a disrupted galaxy, is now believed to be a perturbation in the
Milky Way disk (Ibata et al., 2003). Recently, Shipp et al. (2018) have identified 11
new Milky Way streams in DES data, out to a distance of 50 kpc, and it is predicted
that LSST will be capable of observing up to 100 streams out to the Milky Way
virial radius.
1.3.2 The Andromeda Subgroup
The Andromeda system acts as a vital counterpart to our understanding of the
Milky Way. Detailed observations of our own galaxy and its satellites provide vast
amounts of information about the content, formation and structure of massive galaxy
systems, but studies are limited by our position within the galactic disk, and results
may be biased by conditions particular to the Milky Way environment. M31— as
the closest system we can observe as a whole— gives us the ability to investigate
whether the trends we observe in the Milky Way satellites are universal, or if the
Milky Way is an outlier among massive spirals.
A small number of M31 satellites have been known for centuries, including Tri-
angulum (M33), M32 and M110. 3 further satellites — And I, II and III— were
identified by Sidney Van den Bergh in the 1970s (van den Bergh, 1972). The largest
increase to the sample by far has been provided by the dedicated Pan–Andromeda
Archaeological Survey (PAndAS, McConnachie et al. 2018). Over the last 10+ years,
PAndAS has surveyed out to 150 kpc from the centre of Andromeda to reveal the
structured nature of the halo, unveiling new clusters and extended tidal streams
and tails, and expanding the total number of known satellites of Andromeda to 38
(McConnachie et al., 2018). This has been combined with a spectroscopic campaign
to resolve the kinematics and chemical composition of many of the newly identified
dwarfs (Collins et al., 2013), exploring the evolution of the M31 halo and providing
a comparison to similar observations around the Milky Way.
Observations suggest that the satellite populations of Andromeda and the Milky
Way are consistent with each other. Brasseur et al. (2011) showed that statistically
the populations are compatible in size–luminosity space, albeit with some extended
outliers in the M31 system, and some compact low mass dwarfs in the Milky Way
(see Fig. 1.4). Detection limits mean that the lowest mass ‘ultra–faint’ dwarfs are
not yet observed around Andromeda, though they are expected to exist. Kinematic
analysis by Collins et al. (2013) showed that the majority Andromeda dwarfs share
a common mass profile with those of the Milky Way. However, three satellites are
shown to reside in extended, low density halos, possibly due to tidal effects, while
one (And XXV) is lacking a significant dark matter component.
Dwarfs in Extreme Environments 16
1.3. DWARF GALAXIES IN THE LOCAL GROUP
0 250 500 750 1000 1250 1500 1750
DMW (kpc)
0
250
500
750
1000
1250
1500
1750
2000
D
M
31
(k
p
c)
IC 1613
Phoenix
NGC 6822
Cetus
WLM
Aquarius
Tucana
Sextans B
Sextans A
VV124
Pegasus
Leo T
Leo A
Sag dIrr
And XVIII
dIrr
dIrr/ dSph
dSph
Figure 1.8: Distance of Local Group dwarfs from the Milky Way and Andromeda,
with isolated dwarfs labelled. Dashed lines mark 300 kpc from each host— the
nominal virial radii as defined in Higgs et al. (2016). Note that the dIrrs (blue) and
transitional galaxies (green) are preferentially isolated, while the majority of dSphs
(red) are satellites. Distances taken from McConnachie (2012).
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1.3.3 Isolated Dwarf Galaxies
Given their proximity, and resulting high surface brightness, observations of dwarf
galaxies are heavily biased towards the satellites of the Milky Way and, to a lesser
extent, Andromeda. However, there exists a significant population of Local Group
dwarf galaxies which are not gravitationally bound to a host. These galaxies are
plotted by distance from the Milky Way and M31 in Fig. 1.8. These range from
massive M∗ = 108 dwarfs like NGC 6822 down to the low mass, M∗ = 106, regime
of Aquarius and VV124. There is some debate as to how such galaxies became
isolated: did they form independently, or were they expelled from the virial radius
of their host by some interaction mechanism (e.g. Sales et al. 2007)? The radius at
which the most distant dwarfs lie is often used as a proxy for the size of the Local
Group itself.
Isolated galaxies form the ideal laboratories for testing environmental effects on
galaxy evolution as they are insulated from tidal interactions and mergers. As noted
in section §1.2, dwarf spheroidals are preferentially found as satellites of massive
galaxies, while dwarf irregulars are usually isolated, suggesting that environment is
a key factor driving the galaxy’s evolution. There are three notable exceptions to
this rule: Tucana, Cetus and And XVIII are all classified as dSphs based on their
star formation histories, despite their isolated locations (Lavery and Mighell, 1992;
Whiting et al., 1999; McConnachie et al., 2008). Around twenty isolated dIrrs have
been identified in the Local Group, along with a number of transition type galaxies.
Although they are now isolated from the massive galaxies of the Local Group, some
of these galaxies may form loose groupings with each other, and some are believed
to be tidally interacting— for example, NGC 3109 and Antlia (Barnes and de Blok,
2001). Furthermore, tracing their kinematics indicates that some of these galaxies
may have undergone interactions with the Milky Way or M31 in the past.
1.4 Thesis Overview
In this introduction I have outlined the current understanding of the formation and
evolution of dwarf galaxies and their dark matter halos. However, there are still
many unanswered questions about their structure in the context of ΛCDM. How
dense is the centre of the dark matter halo, and does it host a cusp or a core? Does
hierarchical merging continue to the smallest galaxies, or is there a scale at which
halos become smooth? Is there a fundamental building block of galaxies? How
does tidal disruption of infalling subhalos lead to the formation of stellar streams?
In this thesis, I will use photometric and spectroscopic observations of a range of
Local Group dwarf galaxies to investigate how their structure is influenced by the
environment they reside in.
• In Chapter 2, I discuss observations of the isolated dwarf spheroidal galaxy
Tucana, for which previous studies have suggested a high velocity dispersion
Dwarfs in Extreme Environments 18
1.4. THESIS OVERVIEW
consistent with a dense dark matter halo. Using new FLAMES+GIRAFFE
spectroscopy of Tucana, I reanalyse the kinematics of the galaxy, and explore
whether the velocity dispersion makes Tucana an exception to the too big to
fail problem. I further investigate the dark matter halo by performing Jeans
modelling of its density profile, and examine whether the dearth of recent star
formation in Tucana has allowed it to retain a high central density.
• In Chapter 3 I present observations of the Milky Way satellite galaxy Her-
cules. Previous photometry of Hercules suggests it may be tidally disrupting
due to the influence of the Milky Way. Using new spectroscopy from Keck/
DEIMOS, I analyse the kinematics and metallicity of Hercules. Combining
the spectroscopic results with the second Gaia data release, I measure the
proper motion of Hercules, and investigate whether its orbital path brings it
close enough to the Milky Way to tidally disrupt.
• In Chapter 4 I introduce a new survey of isolated, low mass galaxies in the
Local Group. The survey aims to map potential substructures, including
streams, globular clusters and companion galaxies, out to the virial radius
of the galaxy. By surveying galaxies which span a range of masses, I aim to
investigate whether substructure is observed at all mass scales, as is predicted
by hierarchical merging, or whether there is a mass scale at which visible
substructure stops being accreted.
• In Chapter 5 I summarise my findings, and discuss future research that could
be performed to further develop and explore these results.
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Chapter 2
Kinematics of the Tucana Dwarf
Galaxy: An Unusually Dense
Dwarf in the Local Group
The majority of this chapter was published in Monthly Notices of the Royal Astro-
nomical Society as ‘Kinematics of the Tucana Dwarf Galaxy: An Unusually Dense
Dwarf in the Local Group’, Gregory et al. (2019).
Section §2.4 makes use of the GravSphere code (Read and Steger, 2017). I
generated the data used, including the mock data for testing, and analysed the
results, but it should be noted that as the author of the code Professor Justin Read
performed the actual modelling.
2.1 Introduction
Isolated dwarf galaxies are insulated from tidal effects and interactions, and they
therefore provide a unique window onto the role environment plays in galactic evolu-
tion. However, whilst there are many detailed studies of Milky Way and Andromeda
satellites (e.g. Simon and Geha 2007; Tollerud et al. 2012; Collins et al. 2013), com-
parative observations of isolated dwarfs require a more concerted effort due to the
greater distances involved. The ACS LCID project has mapped out the star for-
mation histories of several isolated Local Group dwarfs (e.g. Monelli et al. 2010;
Gallart et al. 2015; Aparicio et al. 2016), while the Solo Survey (Higgs et al., 2016) is
a wide–field photometric survey targeting isolated dwarfs within 3 Mpc of the Milky
Way. Detailed studies of such galaxies are necessary to fully understand galaxy
formation and evolution, and may provide answers to several small scale issues with
the Λ cold dark matter (CDM) paradigm (e.g. Bullock and Boylan-Kolchin 2017).
Pure dark matter structure formation simulations in ΛCDM predict that dwarf
galaxies should reside in high density halos (Dubinski and Carlberg, 1991; Navarro
et al., 1996), with a central dark matter density ρDM(150pc) > 10
8Mkpc−3 (Read
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et al., 2018, 2019). This has long been known to be inconsistent with observations
of gas rich dwarf irregular galaxies (e.g. Moore 1994; Read et al. 2017), which has
become known as the ‘cusp-core’ problem. Similarly, the inferred masses of most
satellite dwarf galaxies within their half–light radii are also found to be inconsistent
with this prediction (Read et al., 2006; Boylan-Kolchin et al., 2011, 2012). Simulated
dark matter subhalos appear to be too dense to host the observed dwarf satellites of
the Milky Way and Andromeda (M31), a problem referred to as ‘Too Big to Fail’.
One elegant solution to both of the above problems is the idea of ‘dark matter
heating’ (e.g. Navarro et al. 1996; Read and Gilmore 2005; Pontzen and Governato
2012, 2014; Read et al. 2016). In this scenario, repeated gas inflow and outflow
cause the central gravitational potential of the dwarf galaxy to fluctuate. The dark
matter responds to this by migrating outwards, lowering the inner dark matter
density. Read et al. (2018) have recently found an anti–correlation between the
amount of star formation and the central dark matter density in a sample of 16
nearby dwarf galaxies, exactly as expected if dark matter migrates slowly outwards
as star formation proceeds. However, their sample of dwarf galaxies is small and
may suffer from selection effects. For this reason, it is interesting to measure the
inner dark matter density of a larger sample of dwarfs, particularly dwarfs with a
purely old stellar population that are expected to retain their ‘pristine’ central dark
matter density.
In this chapter I investigate an isolated dwarf spheroidal (dSph) galaxy of the
Local Group— Tucana— whose star formation shut down long ago. This makes it a
particularly clean test for probing the nature of dark matter, since it is less likely to
have had its dark matter ‘heated up’ (e.g. Di Cintio et al. 2014; On˜orbe et al. 2015;
Read et al. 2016; Bermejo-Climent et al. 2018; Read et al. 2018, 2019). Tucana was
rediscovered and proposed as a Local Group member by Lavery and Mighell (1992)
after appearances in earlier catalogues. It is located 880 kpc from the Milky Way
and 1350 kpc from M31 (Castellani et al., 1996; Fraternali et al., 2009), making it
one of the most isolated galaxies of the Local Group. Observations by Fraternali
et al. (2009) suggest that Tucana is receding from both the Milky Way and the
Local Group, and, if bound, has not yet reached apocentre. It is likely to have been
isolated for the majority of its history, although tracing the kinematics to higher
redshift may imply a possible interaction with the Milky Way around 10 Gyr ago
(Fraternali et al., 2009). Sales et al. (2007) suggest that Tucana’s isolation may be
the result of a three body ejection mechanism, potentially involving the Milky Way
and the Magellanic Clouds. Along with And XVIII, the other isolated dSph in the
Local Group is Cetus, located 775 kpc from the Milky Way (Whiting et al., 1999;
Lewis et al., 2007). Both these isolated dwarfs lie in the direction of Sculptor, and it
has been postulated that they may form part of a bridge between the Local Group
and the Sculptor Group (Whiting et al., 1999; Fraternali et al., 2009).
Tucana has experienced no recent star formation. A study by Monelli et al.
(2010) as part of the ACS LCID project found that Tucana experienced a strong
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burst of star formation ∼13 Gyr ago, lasting for ∼1 Gyr, with star formation hav-
ing stopped completely by ∼9 Gyr ago, with the exception of a small intermediate
age, low metallicity population interpreted as owing to contamination by blue strag-
glers. Recent work by Savino et al. (2019) reanalyses the LCID dataset to model
the horizontal branch, and finds that Tucana has experienced three distinct star
formation events, including a small episode which ended between 6–8 Gyr ago. Gal-
lart et al. (2015) confirm that 90% of Tucana’s stars formed more than 10 Gyr ago.
Avila-Vergara et al. (2016) find that 75% of Tucana’s history has been spent as a
‘closed box’ with no net inflow or outflow of gas. A similar chemical history was also
inferred for Cetus (Avila-Vergara et al., 2016). It has been proposed that the pur-
ported interaction between Tucana and the Milky Way some 10 Gyr ago could have
stripped enough gas to completely shut down star formation in the galaxy (Teyssier
et al., 2012). In agreement with the lack of ongoing star formation, Oosterloo et al.
(1996) observe that there is no Hi emission within the optical boundary of Tucana.
Fraternali et al. (2009) demonstrate that a nearby (on–sky) Hi cloud is more likely
to be associated with the Magellanic stream. This combination of an unusual loca-
tion and chemical history renders Tucana is a highly unique and interesting Local
Group object.
A kinematic study of Tucana was previously undertaken by Fraternali et al.
(2009), hereafter F09. This study used the FORS2 instrument at the Very Large
Telescope (VLT) to measure the radial velocities of red giant branch stars in Tucana,
and hence estimate Tucana’s systemic velocity and velocity dispersion, constraining
the mass and metallicity of the dSph. The stellar radial velocities were found by
cross correlating a template with the Ca triplet of each star. 20 stars were iden-
tified as candidate members of Tucana based on their velocity. Using a maximum
likelihood method to fit a Gaussian profile to the histogram of velocities, the au-
thors obtain a systemic velocity of v= 193.0± 4.9kms−1 and a velocity dispersion of
σv= 17.4
+4.5
−3.5kms
−1. From this they calculate a mass–to–light ratio of M/L = 105+95−49,
implying a mass of Mhalf ≈ 6× 107M. F09 also detect a rotation signature of mag-
nitude vrot = 16kms
−1 along the major axis. Accounting for this slightly increases
the systemic velocity to v= 194.0± 4.3kms−1, and reduces the velocity dispersion to
σv= 15.8
+4.1
−3.1kms
−1. This corresponds to a system mass of Mhalf ≈ 5× 107M. F09
also measured a mean metallicity of [Fe/H] = −1.95± 0.15dex, with a metallicity
dispersion of 0.32± 0.06dex.
The aim of this chapter is to measure the velocity and velocity dispersion of
Tucana to a higher accuracy than before. The velocity dispersion measured by F09
is unusually high and may be consistent with the most massive surviving subhalos
in pure dark matter ΛCDM simulations; however the uncertainties on the result
are large. I aim to use higher resolution spectroscopy of a larger stellar sample
to constrain the velocity dispersion and density profile of Tucana. This chapter
is structured as follows: Section 2.2 describes the observations and data reduction
process, including determination of the radial velocities and errors and calculating
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Table 2.1: Key Properties of Tucana. a) Lavery and Mighell (1992); b) Bernard
et al. (2009); c) Saviane et al. (1996); d) Mateo (1998); e) Hidalgo et al. (2013)
RAa 22 41 49.6
Declinationa -64 25 10
Distance from Milky Wayb 887±49 kpc
Core Radiusc 42±6”
176±26 pc
Half–Light Radiusc 66±12”
284±54 pc
Ellipticityc 0.48±0.03
Position Angle of Major Axisc 97◦±2◦
Luminosityd 5.5×105 L
Stellar Masse 3.2×106 M
the membership probabilities of the Tucana candidates. I discuss the calculation of
the systemic velocity and velocity dispersion of Tucana in section 2.3. Details of the
process for modelling the density profile are given in section 2.4. The implications
of these results are discussed in section 2.5, and I conclude in section 2.6.
Key properties of Tucana are listed in Table 2.1. These values are used through-
out this thesis unless otherwise stated.
2.2 Observations
Photometric data for Tucana was obtained using the Magellan/ Megacam instru-
ment on the Clay telescope at Las Campanas observatory on 14th November 2012
as part of the Solo (Solitary Local Dwarfs) observing campaign (Higgs et al., 2016).
Magellan/ Megacam is a 9×4 array of pixel CCDs with a pixel scale 0.08arcsecpix−1.
Two pointings were targeted, with 3 exposures were stacked in both the g–band and
i–band for each field. Each g–band exposure was 150s, for a total integration time
of 450s. In the i -band the exposures were 300s each, for a total integration time of
900s. Seeing ranged from 0.68–0.90 arcsec in the g–band and 0.55–0.72 in the i–
band. The photometry was reduced using the Cambridge Astronomical Survey Unit
(CASU) following the process described in Richardson et al. (2011) and Higgs et al.
(2016). Including only point–like sources, defined as those with classifiers cg, ci =-1
or -2, this catalogue featured 7203 objects.
To obtain accurate spectroscopy of the faint stellar population of Tucana, the
8.2m Very Large Telescope (VLT) in Paranal, Chile was used. Observations were
taken using the FLAMES+GIRAFFE spectrograph over 6 nights through June,
August and September 2015. GIRAFFE is a fibre–fed spectrograph for the visible
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Figure 2.1: RA–Dec. map of observed objects, plotted relative to the J2000
coordinates of Tucana. Objects are colour coded by their radial velocity. Identified
Tucana members are shown as squares. The black circles mark 1×, 2×, 5× and 10×
the half–light radius of Tucana.
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range 3700–9000A˚. The instrument was used in the Medusa mode, allowing obser-
vations of up to 132 objects simultaneously, each with an aperture of 1.2” on the
sky. Two fibre configurations were used to maximise the number of targets avail-
able. Each exposure was 1200s, and 39 exposures were taken in total: 21 in the first
configuration for an integration time of 7 hours; and 18 in the second configuration
for a 6 hour integration time. The LR8 grating was used, encompassing a 1190A˚
wavelength band centred on 8817A˚ which covers the three peaks of the Ca II triplet
at around 8500A˚. This setup provides a spectral resolution of R = 6500, capable of
resolving velocity dispersions even in very faint dSphs (Koposov et al., 2011). Tar-
gets were selected using the Magellan photometry. Overall, 165 individual objects
were observed, along with 24 sky regions.
The FLAMES+GIRAFFE spectrograph is a higher resolution instrument than
FORS2 (which was used in F09), with a resolving power of R=6500 as opposed
to R=3200. This allows more accurate measurements of stellar radial velocities,
potentially reducing the uncertainties by a factor of 2, and thus better constraining
the dispersion. F09 observe 23 stars to a S/N suitable for determining velocities,
with 20 of these identified as members. I observed a much larger number of stars
out to a wider radius than F09, generating a larger catalogue of Tucana members
and reducing the uncertainties in the results.
For the reduction, I used the pipeline for the GIRAFFE instrument provided
by ESO. The raw science data was reduced using the giscience recipe via the
graphical interface Gasgano. The pipeline provides corrections for detector ef-
fects, including dark and bias corrections, then traces the fibre positions and aligns
each fibre with the corresponding spectrum. The spectra are output along with a
wavelength calibration and descriptors of the fibre setup and observation. Where
possible, calibration frames taken alongside the observations were used (standard
calibration files were used for PSF WIDTH and PSF CENTROID, which provide
the width and centre of the fitted fibre profile).
All spectra were normalised to have unity continuum flux by dividing through by
the continuum level. For each observation, the individual sky spectra were median
combined to generate a master sky spectrum for each pointing. A median average
was chosen as it removes any spurious lines present in individual sky spectra from
the master. In order to obtain an accurate sky subtraction, both science and sky
were shifted to a continuum level of 0, and the master sky for the relevant pointing
normalised by scaling the height of the sky line at 8500A˚ to match the height of the
same sky line in the science spectrum. The sky template was then subtracted from
the science spectrum. The resulting spectrum was shifted back to a continuum level
of one, and a heliocentric correction was applied to the wavelength scale. Finally,
all the spectra of a given object were median combined to give one master spectrum
for each object observed. The overall data reduction process results in a set of 165
sky subtracted, heliocentric corrected stellar spectra from Tucana.
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Figure 2.2: Histogram of the radial velocities of all objects, except those with a
cross correlation failure. The shaded histogram includes only those sources with a
velocity error smaller than the mean of δv = 13.3kms
−1. The systemic velocity of
Tucana as determined by F09 is shown by the green dashed line, with its uncertainty
range shaded, as are the fitted velocities of the two peaks representing Tucana and
the Milky Way.
2.2.1 Radial Velocities and Errors
The line–of–sight velocities of the stars in Tucana were found by cross correlating
the spectrum for each object with a template spectrum. The template used was a
Gaussian model of the rest Ca II triplet, with peaks at 8499A˚, 8543A˚ and 8663A˚,
retaining the relative equivalent widths of the lines. The cross correlation func-
tion was calculated using the pyasl.crosscorrRV function from PyAstronomy1.
Many spectra exhibit obscuring noise around the third Ca II triplet line; to ensure an
accurate result, I therefore only use the first two lines in the cross correlation. Based
on the expected velocity of Tucana (following the results of F09) and the Milky Way
(from a Besanc¸on model— see section 2.2.2), the allowed velocities were limited to
the range −100kms−1 < v < 300kms−1. The velocity where the cross correlation
function is maximised is then taken to be the radial velocity of the object.
Errors on the radial velocities were found by following the iterative Monte Carlo
process outlined in Tollerud et al. (2012). 1000 iterations of each object spectrum
were generated by adding noise seeded by the variance per pixel, assuming indepen-
1https://github.com/sczesla/PyAstronomy
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dent, Poisson distributed noise. Each iteration is cross correlated with the template
Ca II triplet, and all 1000 velocities are plotted as a histogram. A Gaussian profile
is fitted to the primary peak of the histogram, and the best fit mean and standard
deviation are taken as the radial velocity and corresponding error for the given ob-
ject. There are 25 objects for which the low S/N of the spectrum leads to a cross
correlation failure, and 9 for which a Gaussian could not be fitted to the profile.
These are removed from the dataset to leave 131 successfully reduced objects. The
average S/N of these spectra is 8.4/pixel (with a pixel size of 0.2A˚ /pixel).
Details of the observed objects are listed in table A.1. The positions of all
observed objects relative to Tucana are shown in Fig. 2.1, colour coded by radial
velocity. The velocity map indicates a concentration of stars with velocities near
the systemic velocity of Tucana in the dense centre of the galaxy. The velocities are
plotted as a histogram in Fig. 2.2, exhibiting well defined Tucana and Milky Way
peaks (see section 2.2.2).
2.2.2 Definition of Membership
To establish the true velocity profile of Tucana, I must robustly determine which
objects are members of Tucana. To do so, I use elements of the probabilistic method
outlined in Collins et al. (2013); namely, position on the colour–magnitude diagram,
distance from the centre of Tucana, and the velocity of the object. The probability
of membership for a given object is defined by
Pi ∝ PCMD × Pdist × Pvel. (2.2.1)
Below I outline the method for determining PCMD, P dist and P vel, and hence Pi.
Membership Probability Based on CMD Position
The stellar members of Tucana present in my dataset are expected to lie on the
red giant branch (RGB) of the colour–magnitude diagram (CMD). By following the
method of Tollerud et al. (2012) and overlaying appropriate isochrones onto the
colour–magnitude diagram, the proximity of each object to the isochrone can be
measured using equation 2.2.2,
PCMD = exp
[
− ∆(g − i)
2
2σc
− ∆(i)
2
2σm
]
, (2.2.2)
where g − i is the difference in g–band and i–band magnitudes, i is the i–band
magnitude, and σc and σm are free parameters which take account of distance and
photometry factors. Tollerud et al. (2012)’s value of σc = 0.1 was used, but I used
σm = 0.1 instead of σm = 0.5, as this gave a better fit to the Tucana CMD. PCMD
serves as a proxy for the probability of membership.
Dwarfs in Extreme Environments 28
2.2. OBSERVATIONS
A CMD was generated for Tucana using the Magellan photometry, as shown in
Fig. 2.3. To reduce the density of sources around the RGB, only those sources within
4 arcmin of the centre of Tucana were used. A fiducial bounding box is marked to
highlight the position of the RGB. The objects in my dataset were matched against
the photometric data using on–sky position in order to obtain the photometric
properties of each object. Given that the photometric data was used for targeting
the spectroscopic observations, most objects had a near direct match in RA/ Dec.
These data are overlaid onto Tucana’s CMD in the upper plot of 2.3. As expected,
the majority of catalogue sources appear to lie directly on the RGB.
Isochrones were taken from the Dartmouth Stellar Evolution database (Dot-
ter et al., 2008), and overlaid onto this CMD. Visual inspection suggests that the
isochrone which best represents the RGB of Tucana is an isochrone of age 11 Gyr,
[α/Fe] = 0, and [Fe/H] = −1.5dex, which is also in agreement with previous mea-
surements (Saviane et al., 1996; Fraternali et al., 2009). Note that the isochrone is
purely used as a guide for selecting the most probable members, and so a formal
fitting procedure is not required. The isochrone is shifted by the distance modulus
m −M = 24.7, to account for Tucana’s distance of D= 887kpc. Equation 2.2.2 is
used to determine the proximity of each object to this isochrone. The upper plot of
Fig. 2.3 shows the CMD with the 11 Gyr, [α/Fe] = 0, [Fe/H] = −1.5dex isochrone
overlaid. The observed objects are colour–coded by probability based on proximity
to the isochrone.
Membership Probability Based on Velocity
I establish the probability of membership based on the velocity of a given object
using a maximum likelihood method, first laid out in Martin et al. (2007) and
adapted from Collins et al. (2013). The radial velocities of all objects are plotted as
a histogram in Fig. 2.2. This shows a peak at v≈ 0kms−1 comprising stars in the
Milky Way, and a second peak at v≈ 200kms−1 representing the Tucana population.
Each peak is well represented by a Gaussian function of the form
P peak =
1
√
2pi
√
σ2v,peak + v
2
err,i
× exp
(
− 1
2
[
vpeak − vi√
σ2v,peak + v
2
err,i
]2)
, (2.2.3)
where vi is the velocity of the given star, verr is the uncertainty on its velocity,
vpeak is the prior on the velocity of the peak, and σv,peak is the prior on the velocity
dispersion. If PTuc is the probability of membership of the Tucana peak, and PMW is
the probability of membership of the Milky Way peak, the overall likelihood function
becomes
L =
N∑
i=1
log(ηMWPMW,i + ηTucPTuc,i), (2.2.4)
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Figure 2.3: Colour–magnitude diagram for the photometric sources within 4 ar-
cmin of Tucana, with the 11 Gyr, [α/Fe] = 0, [Fe/H] = −1.5dex isochrone overlaid.
Upper: The observed objects are colour coded by probability of membership. Lower:
Sources identified as members of Tucana (based on both CMD position and velocity)
are represented by blue squares, and likely non members by red points. The green
lines mark a fiducial ‘bounding box’ indicating the location of the RGB.
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where ηpeak is the fraction of the stars which belong to that peak. Using Bayesian
techniques, the probability that a star belongs to Tucana based on its velocity is
then given by
P vel =
PTuc,i
PMW,i + PTuc,i
. (2.2.5)
To measure the velocity and dispersion of Tucana, an MCMC routine is used to
fit equation 2.2.3 to the Tucana peak. For this the emcee python package from
Foreman-Mackey et al. (2013) is used. The values of the systemic velocity and
dispersion of Tucana published in F09 are used as initial values for vTuc and σv,Tuc.
The velocity of the Milky Way background in this region of the sky is determined
using the Besanc¸on model (Robin et al., 2003), which established that Milky Way
contaminants are expected to have velocities in the range−50kms−1 < v < 50kms−1.
Therefore, vMW= 0kms
−1 is taken as the initial value for the velocity of this peak,
and σv,MW= 50kms
−1 as the initial value of the velocity dispersion. The analysis uses
100 walkers taking 30000 steps, with a burn in of 6000 steps. Stars with a radial
velocity v> 295kms−1 or v< −95kms−1 are rejected, as these velocities lie at the
limits of the accepted range for the cross correlation, and so are likely to indicate
a cross correlation failure. The initial values of ηMW and ηTuc are both taken to
be 0.5, based on a visual inspection of the histogram shown in Fig. 2.2, and are
normalised to sum to 1. The process generates posterior values for the velocity,
velocity dispersion and fraction of stars in each peak.
This establishes a velocity profile for the two peaks, with the velocity, veloc-
ity dispersion and fraction of member stars defined. Including all observed ob-
jects, the Tucana peak is found to have a velocity of vTuc= 215.7
+3.0
−3.1kms
−1, and
a dispersion of σv,Tuc= 20.9
+2.9
−2.5kms
−1, while the Milky Way peak has a velocity of
vMW= 27.5
+10.7
−9.5 kms
−1, and a dispersion of σv,MW= 61.4+9.5−7.4kms
−1. The quoted un-
certainties on these values are the 1 sigma uncertainties returned by the MCMC
routine These results are used to produce the Gaussian fits plotted in Fig. 2.2. This
velocity is offset from the value measured by F09, and the velocity dispersion is
significantly higher. However, this velocity dispersion is artificially increased by the
inclusion of non–member stars in the Tucana peak.
I insert the results of the MCMC routine, along with the individual object ve-
locities, into equation 2.2.3 to calculate the probability of each object belonging to
the Tucana peak and the Milky Way peak respectively. These probabilities are then
inserted into equation 2.2.5 to determine the probability of membership of the given
object based on velocity.
Membership Probability Based on Distance
I also introduce a parameter to account for the distance of the object to the centre
of Tucana. This factor is introduced to ensure that objects with a high probability
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Figure 2.4: Plot showing how the measured systemic velocity and velocity dis-
persion of Tucana vary as a function of µ, a multiplicative weight applied to the
half–light radius in Pdist. The dashed line marks the optimum value used in my
analysis. The systemic velocity and velocity dispersion are generally stable, even at
large µ.
of membership based on their velocity and CMD position, but which are located
far outside the centre of the galaxy, are not included as definite members. From
Tollerud et al. (2012), the probability that a star is a Tucana member based on its
distance from the centre of the galaxy is given by
P dist = exp
[
−
(
∆α2 + ∆δ2
2ηrhalf 2
)]
, (2.2.6)
where rhalf is the half–light radius of Tucana, ∆α
2 and ∆δ2 are the distances from
the object to the centre of Tucana in RA and declination respectively, and η = 1.5
is a free parameter. I use the literature value of rhalf .
This expression assumes that all member stars will lie within the half–light ra-
dius, and hence is designed to give extra weighting to objects within rhalf . In my
dataset, most objects are located outside the half–light radius, as shown in Fig.
2.1, such that equation 2.2.6 assigns a very low probability of membership to the
majority of the dataset. Therefore, to increase the weighting of stars outside the
half–light radius, I introduce a multiplicative factor µ to the definition of rhalf , such
that equation 2.2.6 becomes
Dwarfs in Extreme Environments 32
2.3. SYSTEMIC VELOCITY AND VELOCITY DISPERSION
P dist = exp
[
−
(
∆α2 + ∆δ2
2η(µrhalf)2
)]
. (2.2.7)
In doing so, I am effectively assuming that most observed members lie within µrhalf
of the centre of Tucana, thus ensuring a more gradual decline in membership prob-
ability with distance. To find the optimum value of µ, I allow it to vary between 1
and 15, and measure the systemic velocity and velocity dispersion of the resulting
sample, as shown in Fig. 2.4. I find that the systemic velocity and velocity disper-
sion are reasonably stable, even at large µ, because the kinematics of Tucana are
well separated from the Milky Way contaminants. The optimum value is µ = 7.0,
which I use in equation 2.2.7 to obtain P dist. Note that this equation is only used
to define the membership sample; it is not influenced by and has no effect on the
surface brightness profile used in section §2.4.
The probability of membership based on velocity, Pvel, is combined with the
probabilities based on CMD position, PCMD, and distance, P dist, using equation
2.2.1, to determine the probability of membership of each object. By removing
objects with a membership probability Pi < 0.15, I obtain a population of 37 member
stars, details of which are provided in Table 2.2. I compare this sample to the
dataset generated by F09. My data was matched to the objects listed in Table 3 of
F09 using on–sky position. Table 3 consists of 23 observed objects, 20 of which are
identified as members of Tucana. Position matching found that 13 of these members
were present in both datasets. Given the significant difference between the systemic
velocities obtained by each study, I do not combine the datasets (see section 2.3.1
for full discussion).
2.3 Systemic Velocity and Velocity Dispersion
To generate the final Gaussian fit, I apply an adapted MCMC routine to the 37
identified member stars. I adjust the likelihood function to become
L =
N∑
i=1
PiηTucPTuc,i, (2.3.1)
thus accounting for the probability of membership in the final routine. This returns
a final systemic velocity of Tucana of vTuc= 218.3
+3.2
−3.1kms
−1, and a velocity dispersion
of σv,Tuc= 16.6
+3.1
−2.6kms
−1. The velocity dispersion is now found to be within 1σ of
the value calculated by F09, but with significantly smaller error bars. The decrease
in the size of the uncertainties is consistent with the increase in sample size relative
to F09.
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The probabilistic method returns member stars out to ∼ 10rhalf . This is noted
as being a particularly large radius at which to find spectroscopically confirmed
members. However, it is not without precedent, as Walker et al. (2009a) find spec-
troscopic members of Leo V beyond 10rhalf . In addition, I have shown that the
systemic velocity and velocity dispersion are stable to my choice of calibration of
the distance probability (see Fig. 2.4). Given their strong probabilities of member-
ship, I therefore choose to retain the more distant stars in my membership sample.
One identified member, object ID 37852, has a particularly high velocity of
vi= 277.7± 12.8kms−1, some 60 kms−1 higher than the measured systemic velocity
of Tucana, and hence could be considered a potential contaminant in the sample.
It has no counterpart in the F09 dataset, so I cannot make a direct comparison
of the velocity measurements, although it does not appear to have significant error
bars compared to the rest of the sample. The object is located 5.68 arcmin from
the centre of Tucana. Given that it lies > 3σv from the mean velocity, I choose
to remove this object from my membership sample, in order to avoid including
any spurious members. Removing object 37852 reduces the velocity dispersion to
σv,Tuc= 14.4
+2.8
−2.3kms
−1, and the systemic velocity to vTuc= 216.7+2.9−2.8kms
−1. The 1–
and 2– dimensional probability distributions for the velocity and velocity dispersion
are shown in Fig. 2.5. These values are smaller than the results from the full
sample, but fall within the uncertainties. I therefore use this sample of 36 member
stars for the remainder of the analysis. I note that there is still a strong probability
that object 37852 is a member of Tucana, but choose to be conservative in the
membership definition so as not to overstate my results. Details of object 37852 are
included in table A.1.
The histogram of radial velocities of the identified Tucana members is shown in
Fig. 2.6. The systemic velocity of the peak has increased slightly, and is more than
3σ outside of F09’s value. It corresponds to a velocity relative to the Local Group
of vLG= +95.4kms
−1, confirming that the galaxy is receding from the Local Group.
2.3.1 Comparison with Previous Study
As previously noted, there is a significant offset between the systemic velocity of the
FLAMES dataset and that measured by F09 of ∆vTuc= 22.7kms
−1. To investigate
this, I test the wavelength calibration of the spectra, which is provided by the initial
data reduction pipeline, by cross correlating the raw spectra (before sky subtraction)
with a reference sky template. This sky spectrum, which was produced during
observations of the Sculptor dwarf galaxy by Tolstoy et al. (2004), provides a reliable
reference with which to calibrate my data. Spectra with a velocity shift > 7kms−1
were rejected as having a significant wavelength offset which could later affect my
analysis of the radial velocity of the object. This process returned negligible shifts
between the science and template spectra, confirming the validity of the wavelength
calibration. I also rigorously tested the heliocentric correction applied to the spectra
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Figure 2.5: Two–dimensional and marginalised PDFs for the systemic velocity and
velocity dispersion (both in kms−1) of the identified Tucana members, assuming a
purely dispersion supported system. The dashed lines represent the mean value and
1σ uncertainties.
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to ensure this was accurate. In a further test of the data, I randomly selected a
sample of 20 stars (the size of the F09 sample) from my 36 members, and measured
the systemic velocity of this sample. After 100 iterations, the difference between
the sample velocity and the v= 194.0kms−1 measured by F09 was ∆v> 10kms−1 in
all cases, ∆v> 20kms−1 in 75 cases, and ∆v> 22.7kms−1 in 49 cases. The average
offset was ∆¯v= 22.9kms−1, consistent with the offset measured for the full dataset.
Comparing the velocities of the stars that overlap the two samples (see table
2.2), I find some variation in the measurements but no systematic offset. Excluding
object 100020 (21 in F09), which has an offset of 210 kms−1 and is clearly indicative
of a mismeasurement in one of the samples; in the overlapping objects I measure an
average velocity offset of 11.3kms−1. This value is similar to the average velocity
error of the identified members ( ¯verr= 9.3kms
−1) but is somewhat smaller than the
offset between the measured systemic velocities. I also note that the 3 non members
listed in Table 3 of F09 are matched to non members in the FLAMES data. Many
of the objects display an offset > 20kms−1; however all but one (with the exception
of object 100020) have velocities consistent within 3–σ. The velocities measured by
F09 for stars in my membership sample are listed in table 2.2.
Therefore, whilst the offset appears significant, I believe my result for the velocity
can be considered reliable, especially given the larger sample size relative to F09.
Furthermore, the offset does not affect my measurement of the velocity dispersion
nor any conclusions drawn from this.
2.3.2 Mass of Tucana
A number of estimators have been defined to determine the virial mass of a dwarf
galaxy from its velocity dispersion. These estimators take the general form
M est(< λR) =
µrhalfσ
2
v,half
G
, (2.3.2)
where rhalf is the half–light radius of the galaxy, and σv,half is the velocity dispersion
at that radius. Assuming a flat velocity dispersion profile, Walker et al. (2009b)
define λ = 1 and µ = 3.5, such that the mass estimate becomes
M(< rhalf) = 580rhalfσ
2
v,half (2.3.3)
From this, I determine the mass of Tucana to be Mhalf= 3.4
+1.5
−1.3 × 107M,
corresponding to a mass–to–light ratio within the half–light radius of
M/Lhalf≈ 62+27−23M/L, assuming a luminosity for Tucana of 5.5× 105L. This
result is slightly lower than the estimated mass quoted in F09, who found a pres-
sure supported total mass of M≈ 5.0× 107M. However, this was determined by
assuming that mass follows light in the system, and using an estimator to determine
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Figure 2.6: Top panel: Histogram of all measured velocities with members high-
lighted in blue, and the systemic velocity of Tucana as measured by this study and
F09 marked as dashed lines. Bottom panel: Velocities of all observed objects plot-
ted as a function of radius from the centre of Tucana, with the identified members
marked as blue stars. The dashed lines mark 1×, 2×, 5× and 10× the half–light
radius of Tucana.
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the mass to light ratio, from which the mass is calculated. Given that Tucana is
a centrally dense galaxy which is likely to be highly dark matter dominated, this
method is less accurate than equation 2.3.3, which derives the mass directly from
the measured velocity dispersion. Using the Walker et al. (2009b) method with
the velocity dispersion calculated by F09 returns a value of Mhalf= 4.1
+2.3
−1.8 × 107M,
which is consistent with my result.
Recently, Errani et al. (2018) redefined the mass estimator with λ = 1.8 and
µ = 3.5. This does not require a flat velocity dispersion profile, and so is insensitive
to any fluctuations in the profile (see e.g. Fig. 2.9). Using this new estimator, I
determine a mass for Tucana of M(< 1.8rhalf)= 8.6
+3.7
−3.2 × 107M, corresponding to a
mass–to–light ratio within the enclosed radius of M/L(< 1.8rhalf)≈ 156+68−58M/L.
This is consistent with the result of F09, though it is not directly comparable to the
Walker estimate as the enclosed radius is larger.
2.3.3 Rotation in Tucana
F09 find a rotation signature for Tucana of vrot= 16kms
−1, by fitting a rotation
curve to the radial velocities of their member stars. To search for this in my data,
I plot the radial velocities of my member stars as a function of projected distance
along the major axis in Fig. 2.7. This highlights a possible gradient across the data.
I quantify this gradient by utilising another emcee routine. Martin and Jin (2010)
redefine the Gaussian representing the Tucana peak as
PTuc =
1
√
2pi
√
σ2v,Tuc + v
2
err,i
× exp
(
− 1
2
[
∆v2r,i√
σ2v,Tuc + v
2
err,i
]2)
, (2.3.4)
where ∆vr,i is the difference between the velocity of a star and a velocity gradient
dvr
dχ
acting along the angular distance of a star along an axis yi with position angle
θ, as shown in equation 2.3.5.
∆vr,i = vr,i − dvr
dχ
yi + v¯r (2.3.5)
yi can be determined from the RA and Dec. of the star, (αi, δi), and of the centre
of Tucana, (α0, δ0), using
yi = Xi sin θ + Yi cos θ (2.3.6)
Xi = (αi − α0) cos(δ0) (2.3.7)
Yi = δi − δ0. (2.3.8)
By replacing equation 2.2.3 with equation 2.3.4 in the MCMC routine, I can generate
a fit to the data which accounts for the velocity gradient dvr
dχ
produced by rotation.
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Figure 2.7: Radial velocities of the 36 identified Tucana members as a function
of their projected position along the major axis. The red dashed line highlights the
measured velocity gradient of dvr
dχ
= 7.6+4.2−4.3kms
−1kpc−1. The grey dashed line shows
the measured systemic velocity of the system.
I introduce flat priors for the new parameter dvr
dχ
such that −40 < dvr
dχ
< 40. If
θ is fixed to match the position angle of the major axis (θ = 97◦), I measure a
rotation gradient of dvr
dχ
= 7.6+4.2−4.3kms
−1kpc−1, with the systemic velocity measured
as vTuc= 215.2
+2.8
−2.7kms
−1 and the velocity dispersion as σv,Tuc= 13.3+2.7−2.3kms
−1. This
rotation gradient, marked as the red dashed line in Fig. 2.7, equates to a rotation ve-
locity of 2.2± 1.2kms−1 at the half light radius. If θ is allowed to evolve freely (with
a flat prior of 0 < θ < pi), I determine the best values to be: vTuc= 214.9
+3.2
−3.2kms
−1;
σv,Tuc= 13.5
+2.8
−2.3kms
−1; dvr
dχ
= 6.1+4.6−4.8kms
−1kpc−1; θ = 86.5◦+37.8−35.5; amounting to a ro-
tation velocity of 1.7± 1.3kms−1 at the half light radius.
It therefore appears that there is a small velocity gradient in Tucana due to the
presence of rotation, consistent with alignment with the major axis. The mass esti-
mator from Walker et al. (2009b) (equation 2.3.2) assumes a velocity dispersion dom-
inated system. If I recalculate the dynamical mass using the smaller velocity disper-
sion accounting for rotation, I obtain a mass of Mhalf= 2.9
+1.3
−0.9 × 107M, correspond-
ing to a mass–to–light ratio within the half–light radius of M/Lhalf ≈ 53+24−17M/L.
These results are within the uncertainty ranges of the non–rotating result, and given
that the rotation gradient is small relative to the velocity dispersion, Tucana is still
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classed as a dispersion dominated galaxy.
2.4 Modelling the Dark Matter Density Profile
The high velocity dispersion of Tucana suggests that it has a high central dark matter
density. In the absence of star formation, a steep central cusp is predicted to be
present in the density profiles of all galaxies (Navarro et al., 1996), but thus far the
majority of observations of dSphs show a slight preference towards flattened cores
(see the discussion in section 2.1). The dearth of recent star formation in Tucana
make it a strong candidate for hosting a ‘pristine’ cusp (Brook and Di Cintio, 2015;
Read et al., 2018; Bermejo-Climent et al., 2018). In this section, I perform Jeans
modelling of the data for Tucana to estimate its central dark matter density and
quantitatively test this idea.
2.4.1 The GravSphere Mass Modelling Code
Read and Steger (2017) introduced a new non–parametric Jeans code GravSphere,
which returns the density profile ρ(r) and velocity anisotropy β(r) of a system using
only line–of–sight velocities (see also Read et al. 2018). GravSphere solves the
Jeans equation (Jeans, 1922) for a set of ‘tracers’ (i.e. stellar members) of a spherical
mass distribution defined by the radial density profile ρ(r) and velocity anisotropy
β(r). The projected spherical Jeans equation is given by Binney and Mamon (1982)
as
σ2LOS(R) =
2
Σ(R)
∫ ∞
R
(
1− βR
2
r2
)
vσ2r
rdr√
r2 −R2 , (2.4.1)
where Σ(R) is the surface mass profile at projected radius R, v(R) is the spherically
averaged tracer density, and β(r) is the velocity anisotropy,
β = 1− σ
2
t
σ2r
. (2.4.2)
σt and σr are the tangential and radial velocity dispersion profiles. σr is given by
(van der Marel, 1994; Mamon and  Lokas, 2005)
σ2r(r) =
1
v(r)g(r)
∫ ∞
r
GM(r˜)v(r˜)
r˜2
g(r˜)dr˜ (2.4.3)
g(r) = exp
(
2
∫
β(r)
r
dr
)
. (2.4.4)
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Figure 2.8: GravSphere model fits to the surface density profile, left, and line–
of–sight velocity dispersion profile, right, for Tucana. The blue points mark the
input ‘observed’ data; the black line is the fitted profile, with grey contours showing
1– and 2–σ uncertainty ranges. The vertical line marks the half–light radius of
Tucana as modelled by GravSphere.
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M(r) is the cumulative mass of the galaxy. GravSphere uses a non–parametric
model for M(r), consisting of a contribution from all visible matter, and a contribu-
tion from dark matter modelled by a series of power laws centred on a set of radial
bins. The tracer light profile uses a series sum of Plummer spheres (Plummer, 1911)
and so is also non–parametric. The code fits this model to the surface density profile
Σ∗(R) and line–of–sight velocity dispersion profile σLOS(R) using emcee (Foreman-
Mackey et al., 2013). To avoid infinities in β, a symmetrised version of β is used in
the model. β˜ is defined in equation 2.4.5, and describes the distribution of velocities
in the system, with β˜ = 0 describing an isotropic velocity distribution, β˜ = 1 a fully
radial distribution and β˜ = −1 a fully tangential distribution (Read et al., 2006).
β˜ =
σ2r − σ2t
σ2r + σ
2
t
=
β
2− β . (2.4.5)
β˜ is given a flat prior of −1 < β˜ < 1, to give equal weight to fully radial and fully
tangential distributions. GravSphere also uses virial shape parameters to obtain
constraints on β using only line–of–sight velocities, thus breaking the well–known
ρ–β degeneracy (Binney and Mamon, 1982; Merrifield and Kent, 1990; Read and
Steger, 2017). The code can be used to determine ρ(r) and β(r) for any near–
spherical stellar system, such as star clusters, spheroidal or elliptical galaxies and
galaxy clusters. GravSphere has been extensively tested on mock data (Read and
Steger 2017, and see below).
2.4.2 Dark Matter Density Profile
In this section, I use GravSphere to estimate the dark matter density profile of
Tucana. For this, I require the surface brightness profile, Σ∗(R), and velocity dis-
persion profile, σLOS(R), of my member stars. The former was generated from RGB
stars in the Magellan/ MegaCam photometry, adjusted to correct for the fact that
the observed fields are misaligned with the central coordinates of Tucana. The ve-
locity dispersion profile was modelled using the radial velocities I have obtained with
FLAMES+GIRAFFE. To generate the velocity dispersion profile, the probabilities
of membership of the stellar sample are summed, resulting in a membership proba-
bility weighted number of stars Neff =
∑Nmem
i=1 Pmem,i. For my 36–strong sample, this
equates to ∼20 effective members. The data is binned by radius from the centre of
Tucana, with each bin containing the same membership weighted number of stars.
The Σ∗(R) and σLOS(R) profiles are shown in Fig. 2.8. Note that the vertical blue
line on these plots marks the half–light radius, rhalf= 340pc, as modelled from the
surface brightness profile. This is just outside 1–σ larger than the literature value
(see table 2.1).
I model Tucana with GravSphere under the assumption that it is a spherical,
non rotating system. Although I detect a small rotation gradient in Tucana, its
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Figure 2.9: The density profile of Tucana generated by GravSphere. Grey con-
tours show 1– and 2–σ uncertainty ranges, and the vertical line marks the half–light
radius of Tucana as modelled by GravSphere. Dashed red lines mark NFW pro-
files of different pre–infall halo masses. The data weakly favour the 1010M model,
while the central density ρDM(150pc) > 10
8Mkpc−3 at better than 2-σ confidence,
consistent with a dark matter cusp.
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effect on the velocity dispersion measurement is negligible with respect to the size
of the uncertainties, and so it has no effect on the GravSphere model. I use a
stellar mass for Tucana of M∗ = 3.2× 106M (Hidalgo et al., 2013), assuming an
error on M∗ of 25%. The final density profile is shown in Fig. 2.9. The red dashed
lines highlight NFW profiles at different masses. These were produced using the
concentration–mass relation from Dutton and Maccio` (2014), but multiplied by 1.4
to account for the fact that subhalos in the Aquarius simulations are found to be
systematically more concentrated than field halos (Springel et al., 2008).
I measure the density within a radius of 150 pc, chosen because it is small enough
to fall within the half–light radius, but not so small that the density is unconstrained
by observations (Read et al., 2018). The profile favours a high central density of
ρDM(150pc) = 5.5
+3.2
−2.5 × 108Mkpc−3, suggesting that Tucana is as dense, if not more
so, than Draco (Read et al., 2018). The profile appears consistent with the presence
of a pristine cusp within 1σ.
Modelling Tucana with a coreNFW Profile
In addition to the ‘free–form’ dark matter model described above, GravSphere can
also fit the cosmologically–motivated coreNFW profile. This profile was originally
designed to fit simulations of halos that have undergone ‘dark matter heating’ (Read
et al., 2016), but also provides a good fit to dark matter halos in a self–interacting
dark matter cosmology (Read et al., 2018). It has the advantage that it fits a
dark matter core size parameter that can be connected to a self–interaction cross
section for dark matter (Read et al., 2018), and a halo virial mass, M200, that can
be compared with cosmological expectations from abundance matching (e.g. Read
and Erkal 2019).
Fitting Tucana with a coreNFW profile allows me to assess whether the results
are sensitive to my choice of mass model for the dark matter halo of Tucana. The
density profile of the coreNFW profile is given by (see Read et al. 2016, 2018 for
a full description of the functional form)
ρcNFW (r) = f
nρNFW +
nfn−1(1− f 2)
4pir2rc
MNFW , (2.4.6)
where MNFW is the cumulative mass of the NFW profile, dependant on M200, and
fn =
[
tanh
( r
rc
)]n
(2.4.7)
defines a shallow profile within a core size rc. I choose to fit the model to the Tu-
cana data with n as a free parameter, in order to obtain an estimate of the virial
halo mass, M200. The results, shown in Fig. 2.10, are consistent with those of
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Figure 2.10: The density profile of Tucana, modelled using a coreNFW profile.
Grey contours show the 1– and 2–σ uncertainty ranges. The results are in excellent
agreement with the default ‘free-form’ mass model (see Fig. 2.9).
the free–form model (Fig. 2.9). With coreNFW, I obtain a central density of
ρDM(150pc) = 6.0
+3.7
−2.9 × 108Mkpc−3 at the 68% confidence level. As was expected
from Read et al. (2018), the density profile is systematically shallower in the inner-
most regions than with the free–form model. This effect is a result of the priors used,
but is smaller than the measured uncertainties. The coreNFW model returns a
pre–infall halo mass of M200= 1.37
+0.49
−0.44 × 1010M, consistent with the findings of
Brook and Di Cintio (2015). Overall, the results of the two models are fully consis-
tent with each other. This demonstrates that my inference of a high central density
in Tucana is not dependent on the choice of mass model and priors.
2.4.3 Mock Data Testing of GravSphere
GravSphere has been extensively tested on mock data, including mocks that break
spherical symmetry, that include foreground contamination and binary stars, and
that are being tidally stripped by a larger host galaxy (Read and Steger, 2017; Read
et al., 2018). However, all tests to date have focussed on mocks with >500 member
velocities, which is an order of magnitude more than I have available for Tucana.
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For this reason, here I present additional mock data tests.
I generate a series of mock data sets designed to reproduce the characteristics of
the real kinematic data for Tucana. Each mock generates 2500 stars to reproduce the
radial distribution of sources, the distribution of their velocity errors and their CMD
positions. I set up the tracer density profile and kinematics for the mock assuming
a Plummer light profile for the stars, with a stellar mass of M∗= 0.56× 106M and
a scale length of rP = 0.284kpc, and a coreNFW profile for the dark matter halo
with M200= 10
10M and a concentration parameter chosen to be twice the M200–
c200 relation from Dutton and Maccio` (2014) (to ensure a high velocity dispersion
similar to that found in Tucana). The velocities for the stars were sampled from an
isotropic distribution function generated using the AGAMA code (Vasiliev, 2019).
Two mocks were constructed: one designed to represent a cusped galaxy; and one to
represent a cored galaxy. The mocks include a foreground contribution mimicking
any potential contamination of the real sample. Samples of ∼ 20, ∼ 100 and ∼
500 effective members were then randomly drawn from the mock datasets. These
samples represent the size of the true membership sample—with sampling designed
to produce four membership–weighted radial bins as in the real Tucana model—
and two levels of increased sampling to illustrate the improvement achieved with
more data.
GravSphere was then used to model the density profile of these mock data. The
velocity dispersion profile σLOS was derived from the mock velocity data. To generate
the surface brightness profile Σ∗(R), mock photometry was produced, simulating
the CMD positions and radial distribution of the Magellan/ MegaCam imaging
catalogue. The resulting density profiles are shown for both the cusped and cored
mocks in Fig. 2.11. The red lines mark the underlying profile used to seed the mocks.
In the cusped case (bottom row), the profile is well recovered by GravSphere, with
the constraints tightening as the sample size increases. For the lowest-sampled mock
(left panels), the recovered density profile has uncertainties similar to that for the
real Tucana data (compare with Fig. 2.9). In the cored case (top row), the central
density is reasonably well recovered (within 1–σ), but the density profile is slightly
biased towards lower densities than the input profile at large radii, such that the
model appears cuspier than the true profile. The slight bias towards cusped profiles
is noted and explored further in Read et al. (2018). There, it was shown that the
bias diminishes with improved sampling to 1000 or 2000 effective members (their
Figure B1).
I show that I am able to correctly infer the dark matter density at 150 pc from the
centre of Tucana with kinematics for just 36 member stars, albeit with substantially
larger uncertainties than for data with 500 member stars, supporting my use of
GravSphere to measure ρDM(150pc) for Tucana. Similarly to the findings in Read
et al. (2018), I find that GravSphere is not able to distinguish cusps from cores
with this many member stars. However, as explained in Read et al. (2018, 2019), an
inference of the central dark matter density, ρDM(150pc), is sufficient to constrain
Dwarfs in Extreme Environments 48
2.4. MODELLING THE DARK MATTER DENSITY PROFILE
10
 1
10
0
R
ad
iu
s
(k
p
c)
10
7
10
8
10
9
Density(M
 
kpc
 3
)
T
ru
e
G
ra
vS
ph
er
e
10
 1
10
0
R
ad
iu
s
(k
p
c)
10
7
10
8
10
9
Density(M
 
kpc
 3
)
T
ru
e
G
ra
vS
ph
er
e
10
 1
10
0
R
ad
iu
s
(k
p
c)
10
7
10
8
10
9
Density(M
 
kpc
 3
)
T
ru
e
G
ra
vS
ph
er
e
10
 1
10
0
R
ad
iu
s
(k
p
c)
10
7
10
8
10
9
Density(M
 
kpc
 3
)
T
ru
e
G
ra
vS
ph
er
e
10
 1
10
0
R
ad
iu
s
(k
p
c)
10
7
10
8
10
9
Density(M
 
kpc
 3
)
T
ru
e
G
ra
vS
ph
er
e
10
 1
10
0
R
ad
iu
s
(k
p
c)
10
7
10
8
10
9
Density(M
 
kpc
 3
)
T
ru
e
G
ra
vS
ph
er
e
M
oc
k-
Co
re
M
oc
k-
Cu
sp
F
ig
u
re
2
.1
1
:
T
h
e
re
su
lt
s
of
G
r
a
v
S
p
h
e
r
e
m
o
ck
d
at
a
te
st
s.
T
h
e
re
d
li
n
e
sh
ow
s
th
e
u
n
d
er
ly
in
g
d
en
si
ty
p
ro
fi
le
,
an
d
th
e
b
la
ck
li
n
e
is
th
e
p
ro
fi
le
m
o
d
el
le
d
b
y
G
r
a
v
S
p
h
e
r
e
,
w
it
h
co
n
to
u
rs
sh
ow
in
g
1–
an
d
2–
σ
u
n
ce
rt
ai
n
ty
ra
n
ge
s.
T
op
ro
w
:
D
en
si
ty
p
ro
fi
le
fo
r
a
co
re
d
m
o
ck
ga
la
x
y,
u
si
n
g
20
(l
ef
t)
,
10
0
(m
id
d
le
),
an
d
50
0
(r
ig
h
t)
p
ro
b
ab
il
it
y
–w
ei
gh
te
d
eff
ec
ti
ve
m
o
ck
m
em
b
er
s.
B
ot
to
m
ro
w
:
S
am
e,
b
u
t
fo
r
a
cu
sp
ed
m
o
ck
ga
la
x
y.
T
h
e
p
ro
fi
le
an
d
ce
n
tr
al
d
en
si
ty
ar
e
b
et
te
r
re
co
ve
re
d
w
it
h
an
in
cr
ea
se
d
sa
m
p
le
si
ze
.
In
th
e
co
re
d
ca
se
,
th
er
e
is
a
sl
ig
h
t
b
ia
s
to
w
ar
d
s
lo
w
er
d
en
si
ti
es
at
h
ig
h
er
ra
d
ii
,
th
ou
gh
th
is
d
o
es
n
ot
aff
ec
t
th
e
m
ea
su
re
m
en
t
of
th
e
ce
n
tr
al
d
en
si
ty
.
49 Alexandra L. Gregory
2.4. MODELLING THE DARK MATTER DENSITY PROFILE
interesting dark matter models.
2.4.4 Globular Clusters as Tracers of the Density Profile
In this chapter I have modelled the dark matter density profile of Tucana from
its stellar kinematics, and shown that it has a high central density which may be
consistent with the presence of a pristine cusp. If such a cusp is indeed present,
it has been shown that dynamical friction would likely cause any globular clusters
in the system to sink towards the centre of the galaxy, eventually becoming tidally
destroyed (Goerdt et al., 2006; Sa´nchez-Salcedo et al., 2006). If the dark matter
profile is cored, dynamical friction is suppressed (Petts et al., 2015, 2016) and the
globular clusters survive to the present day. Contenta et al. (2018) developed an
N–body model of the star cluster accounting for stellar evolution and two–body
effects, from which the central density of the host dwarf galaxy can be constrained.
Observations of the globular cluster distribution in a dwarf galaxy can therefore
provide clues as to the nature of its dark matter density profile.
Tucana has no known globular clusters. This is consistent with the idea that they
may have been dissolved by the presence of a dark matter cusp. However, to test
this one would need to prove that globular clusters had once existed in Tucana, and
have been destroyed by dynamical friction, as opposed to having never formed at
all (which would not be symptomatic of a central cusp). To do so, a tracer must be
found which unambiguously confirms the presence of a globular cluster, and which
would be detectable in the field of a cusped galaxy such as Tucana following the
destruction of its clusters. This could provide a new technique for determining the
nature of the dark matter density profile, independent of the stellar kinematics.
It is possible that one such tracer may be found in the variable stars of the galaxy.
Tucana has a significant population of type c RR Lyrae. RRc variables oscillate in
the first overtone, with a shorter period than RRab stars. Bernard et al. (2009)
found that out of 358 RR Lyrae stars in Tucana, 82 are RRc. A high density of RRc
stars is also found in the Sculptor dwarf galaxy, where 197 out of 536 RR Lyrae are
type c (Mart´ınez-Va´zquez et al., 2016). Both of these galaxies are suspected to host
a pristine cusp (Read et al., 2019). By contrast, Bernard et al. (2009) found only 8
RRc in a population of 172 RR Lyrae in the cored dwarf Cetus. This could indicate
that RRc are more prevalent in cusped galaxies than cored galaxies. Furthermore,
Mackey and Gilmore (2003) found a large RRc fraction in the globular clusters of
Fornax, which is known to be cored. Naively, it would appear from these studies
that there may be an excess of type c RR Lyrae in the globular clusters of a cored
galaxy, and the fields of cusped galaxies, relative to the field population of cored
galaxies.
To investigate the possibility of using the RRc population to trace the destruction
of globular clusters in a cusped galaxy, I consider the RR Lyrae population of a
number of Local Group dwarf galaxies, and the Fornax globular clusters. I define η
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Figure 2.12: Top: Number of RRc stars per unit stellar mass as a function of
M∗ for a selection of Local Group stellar systems. Bottom: Fraction of RR Lyrae
population which is RRc as a function of stellar mass. Red circles mark dwarf
galaxies with a cusped halo; blue squares those with central cores. Green triangles
indicate globular clusters. Stellar masses (and errors) assume a stellar mass–to–light
ratio of 1, except Tucana, which is taken from Hidalgo et al. (2013). Only variable
stars within the central 200 pc of a galaxy are considered.
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as the number of RRc stars per unit stellar mass in a system, such that
η =
NRRc
M∗
, (2.4.8)
where NRRc is the total number of known RRc in the system, and M∗ is the total
stellar mass. I normalise by stellar mass to account for the size of the system. I
consider only the RR Lyrae population within the central 200 pc of the galaxy, as
the remnants of dissolved clusters would be concentrated in the central regions.
In the top panel of Fig. 2.12 I plot η as a function of stellar mass for a selection
of stellar systems in the Local Group. Blue squares are used to mark galaxies with
a central core; red circles for those suspected of hosting a central cusp. Globular
clusters are plotted as green triangles. Cusped galaxies are chosen on the basis of a
significant variable star study, and a robust measurement of their cusp/ core nature.
In the case of Fornax, there has been a dedicated study of the stellar population
of four of the five known globular clusters (Mackey and Gilmore, 2003). I therefore
show the field RRc population and the globular cluster RRc population of Fornax
as separate points.
If there is an excess of RRc in globular clusters relative to the field, one would
expect globular clusters to have a high value of η, and cored galaxies to have a
low η. In cusped galaxies such as Tucana, the disruption of the globular clusters
should have redistributed their RRc population throughout the field, resulting in
a higher value of η (intermediate between the value for clusters and the value for
cored dwarfs). Within the chosen sample, there is an indication that the fractional
RRc population may be higher in cusped galaxies than in the field of cored galaxies.
However, the RRc population strongly correlates with stellar mass, with higher mass
systems hosting fewer RRc per unit mass. There are two possible reasons for this.
Firstly, if the RR Lyrae survey is incomplete, then the plot is essentially M∗ vs. 1M∗ ,
and so a negative correlation would be anticipated. Secondly, RR Lyrae are known
to represent an old stellar population. As low mass galaxies generally host older
populations, one might expect a stronger RRc population at lower masses.
I also consider the proportion of RR Lyrae in the system which are type c. The
bottom panel of Fig. 2.12 shows the fraction of RRc stars out of the total RR Lyrae
population (RRab + RRc + RRd) as a function of stellar mass. Once again, if
the above hypothesis is true, one would expect a higher fraction of RRc in cusped
dwarfs than in the field of cored dwarfs. Fig. 2.12 shows that this is not the case,
with Draco hosting a smaller RRc population than the field of Fornax.
These results suggest that the RRc population is unlikely to be useful as a tracer
of the disrupted globular cluster population. However, my investigation is limited
by the small number of RR Lyrae surveys completed for galaxies with a robust cusp/
core measurement, and much more data is required to confirm the result. Future
surveys such as LSST, combined with improved constraints on the density profiles
of Local Group dwarfs, may be able to provide this analysis.
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2.5 Discussion
2.5.1 Comparison to Previous Studies
My velocity dispersion of σv,Tuc= 14.4
+2.8
−2.3kms
−1 is remarkably similar to that mea-
sured by F09, with a difference of just ∼ 1kms−1. It should be noted that the
σv,Tuc= 15.8kms
−1 quoted by F09 accounts for a potential rotation in signature Tu-
cana of 16kms−1. My non–rotational dispersion result is within 1σ of their non–
rotational value of σv,Tuc= 17.4
+4.5
−3.5kms
−1, so is also consistent with the like–for–like
result. I detect a slightly smaller rotation signature of dvr
dχ
= 7.6+4.2−4.3kms
−1.
Fig. 2.6 plots the velocities of the observed stars as a function of radius from
the centre of Tucana, with those identified as members highlighted in blue. All
members are shown to lie within ∼ 10rhalf of Tucana. There is a selection bias
in my observation method; by using a fibre spectrograph, I preferentially observe
more distant members, as they are less closely packed, compared to those in the
dense centre. Indeed, there is a large population of stars with velocities close to the
systemic velocity of Tucana outside 10rhalf . I have defined the probability functions
such that these objects are not selected as members due to their large distances.
There is a substantial velocity offset between the systemic velocity quoted by
F09 and that measured from my data of around ∆vTuc≈ 23kms−1. This could be
due to a number of factors, such as a wavelength miscalibration or a bias in the
cross correlation procedure used. I also note that as a low resolution slit–based
spectrograph, FORS2 (as used in F09) is not optimised for velocity measurements
and may suffer from variations in the velocity zero point, as discussed in Kacharov
et al. (2017)’s study of the Phoenix dwarf galaxy. Without repeat measurements
from FLAMES+GIRAFFE, I cannot conclusively identify the origin of the velocity
offset. However, I have thoroughly tested the calibration, as described in section
2.3.1, and have confidence in my result. It also should be noted that the offset
does not influence my velocity dispersion measurement or any ensuing conclusions.
Despite the offset, my result supports the conclusion of F09 that the galaxy is
receding from the Milky Way, and could continue to do so, unbound from the Local
Group.
2.5.2 Tucana: A Massive Failure
My velocity dispersion result suggests a high central density consistent with Tucana
residing within a supposed ‘massive failure’ halo as predicted to exist by Boylan-
Kolchin et al. (2011). This would make Tucana the first known exception to the ‘too–
big–to–fail’ problem, whereby simulated subhalos are too centrally dense to host the
observed dwarf galaxies (Boylan-Kolchin et al., 2011, 2012). In Wang et al. (2012),
too–big–to–fail is restated in terms of the galaxies’ maximum circular velocities;
all known satellites are observed with vmax< 30kms
−1 (with the exception of the
Magellanic Clouds— Jiang and van den Bosch 2015), yet the simulated halos should
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Figure 2.13: Circular velocities (and errors) of Local Group dwarf galaxies plot-
ted as a function of half–light radius, with the results of this study shown in red.
Rotation curves corresponding to NFW profiles with vmax= (20, 40, 50, 60)kms
−1
are highlighted. Tucana clearly resides within a ‘massive failure’ subhalo with
vmax= 40kms
−1. Dwarf galaxy data taken from McConnachie (2012).
host galaxies with 40kms−1 < vmax < 60kms−1. My measured velocity dispersion
corresponds to a circular velocity for Tucana of vcirc= 22.7
+5.4
−4.7kms
−1. I plot this
velocity alongside those of the nine bright Local Group dSphs (those plotted in
Boylan-Kolchin et al. 2012, Fig. 1), plus the isolated dSph Cetus, as a function of
half–light radius in Fig. 2.13. The circular velocity of Tucana is significantly higher
than that of other Local Group dwarf galaxies, indicating that Tucana is much
more centrally dense than the typical dSph. Plotting rotation curves for different
maximum circular velocities suggests that Tucana resides in a halo with maximum
velocity vmax> 40kms
−1. In other words, Tucana appears to reside in a ‘massive
failure’ halo. If this is the case, Tucana would be the only dwarf spheroidal galaxy
in the Local Group known to reside in such a halo.
The too–big–to–fail problem has been widely viewed as a universal problem with
the ΛCDM model. Originally discovered to be an issue in the Milky Way satellite
population, both Collins et al. (2014) and Tollerud et al. (2014) find that the problem
is also present in M31 satellites. Read et al. (2017) show that both too–big–to–fail
and ‘missing satellites’ are confined to group environments, and so must be the result
of galaxy formation physics as opposed to some exotic formulation of the cosmology.
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Figure 2.14: Inner DM density as a function of pre–infall halo mass for a selection
of Local Group dwarf galaxies, as modelled in Read et al. (2019). Black points
shows galaxies whose star formation was truncated more than 6 Gyrs ago; blue
points show galaxies truncated less than 3 Gyrs ago; and the purple points were
truncated between 3 and 6 Gyr ago. The shaded regions highlight the expected DM
density of cusped and cored profiles. Tucana is shown as the red point. In addition
to highlighting the correlation between star formation history and the shape of the
density profile, this plot shows the high central DM density of Tucana relative to
other Local Group dwarf galaxies, a result which appears to be consistent with a
central cusp.
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My result shows that there are conditions under which galaxies can retain their
central mass and reside in the ΛCDM predicted halos. Tucana’s isolation from
tidal effects and quenched star formation history mean it has been unaffected by
the baryonic feedback effects usually invoked to resolve too–big–to–fail. This would
make Tucana unique even among isolated dwarfs: Kirby et al. (2014) find that star
formation in other isolated Local Group galaxies has been energetic enough to lower
the central density, such that these galaxies are fully consistent with Milky Way/
M31 satellites. However, the shut–down in star formation in Tucana around 10 Gyr
ago (Monelli et al., 2010) likely allowed it to retain its central mass.
2.5.3 A Pristine Cusp in Tucana
Fig. 2.14 shows the central DM density for a range of Local Group dwarfs (the gas
rich ones were not modelled with GravSphere) as a function of pre–infall halo
mass (Read et al., 2019). The figure highlights a strong correlation between star
formation history and inner DM density, with galaxies whose star formation shut
down long ago possessing central densities consistent with a central cusp, and those
with extended star formation histories consistent with a cored profile. As described
in Read et al. (2019), this supports the hypothesis that dark matter is heated up
by extended, bursty star formation, reducing the central density and transforming
cusps to cores.
Using the abundance matching technique from Read and Erkal (2019), with
a stellar mass of M∗= 3.2× 106M (Hidalgo et al., 2013) and the star formation
history for Tucana from Monelli et al. (2010), I estimate a halo mass for Tucana
of M200,abund= 9.4± 3.6× 109M, in excellent agreement with my GravSphere
models. To be consistent with the results presented in Read et al. (2019), I use
M200,abund and ρDM(150pc) as inferred using GravSphere to plot Tucana on Fig.
2.14 (red data point). The high central density returned by the GravSphere
modelling places Tucana above the other dwarf galaxies in this plot, and is consistent
with the expectations of a cusped profile within 1σ. This result is again consistent
with the limited period of star formation experienced by Tucana.
The errors on the inner DM density are very large. However, Tucana is so
dense (i.e. its velocity dispersion is so high) that I can be confident that it is
more dense than WLM, Fornax and the other isolated dwarf irregulars (dIrrs) at
150pc at better than 95% confidence. Tucana is consistent with expectations for
the inner density of ‘pristine’ DM halos in ΛCDM that have undergone no DM
heating, as expected from Tucana’s old stellar population. Based on abundance
matching and stellar kinematics, Tucana has a total halo mass consistent with WLM
(M200= 0.83± 0.2× 1010M, Read et al. 2017). WLM’s inner rotation curve favours
a central dark matter core over a cusp and is substantially less dense than what is
found for Tucana in this work, as shown in Fig. 2.14. This is because unlike WLM,
Tucana’s star formation ceased after just∼1–2 Gyr —most likely due to ram pressure
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stripping by the Milky Way (e.g. Teyssier et al. 2012; Gatto et al. 2013). My results
are consistent with the idea that Tucana is much denser than WLM because it had
insufficient star formation to undergo significant DM heating.
2.6 Conclusions
Using the GIRAFFE spectrograph, I have taken high resolution spectra of the Tu-
cana dwarf galaxy, identifying 36 member stars, and used a cross correlation method
to measure their radial velocities. I make several key findings:
• I find the systemic velocity of Tucana to be vTuc = 216.7+2.9−2.8kms−1, corre-
sponding to vGSR = 121.7
+2.9
−2.8kms
−1. This velocity is receding from the Local
Group, and is consistent with the conclusion of F09 that Tucana has long been
an isolated dwarf galaxy, which may have interacted with the Milky Way some
10 Gyr ago.
• I measure a rotation gradient across Tucana of dvr
dχ
= 7.6+4.2−4.3 kms
−1 kpc−1,
which equates to a rotation velocity of 2.2± 1.2kms−1 at the half light radius.
The rotation appears to be aligned with the major axis of Tucana. Despite this
rotation signature, Tucana is still primarily a dispersion supported system.
• The velocity dispersion of Tucana is found to be σv,Tuc = 14.4+2.8−2.3kms−1. This
dispersion is consistent with the result of F09, and suggests that Tucana is
significantly more centrally dense than other dSphs. Tucana is found to be
compatible with high density subhalos predicted by ΛCDM simulations, and
hence becomes the first known exception to the too–big–to–fail problem. This
proves that these ‘massive failure’ halos do exist in nature, confirming one
of the key predictions of pure dark matter structure formation simulations in
ΛCDM.
• I use Jeans modelling to estimate the dark matter density profile of Tucana.
Although the uncertainties are large, the results favour a high central density
(ρDM(150 pc)=5.5± 3.2× 108 M kpc−3) and a halo mass M200 = 1.37+0.49−0.44 ×
1010 M consistent with abundance matching. Tucana’s exclusively old–age
population distinguishes it from other isolated, gas–rich galaxies which are
still forming stars today. In models where dark matter is ‘heated’ by baryonic
feedback, Tucana is therefore expected to retain a higher central density than
other isolated dwarfs. As anticipated from the lack of recent star formation,
Tucana is consistent with residing in a ‘pristine’ dark matter halo, unaffected
by dark matter heating (see Fig. 2.14). Further spectroscopic follow–up,
particularly in the poorly sampled central regions of the galaxy, would be
required to confirm the presence of a potential cusp in the density profile.
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• I also consider the RR Lyrae population of Tucana as a possible tracer of
the density profile. By comparing the fractional proportion of RRc in cusped
galaxies with those in cored galaxies and their globular clusters, I show that it
is unlikely that the RR Lyrae population traces disruption of globular clusters
by dynamical friction in cusped galaxies. However, current data is limited and
future surveys may provide better constraints on this hypothesis.
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Chapter 3
Uncovering the Orbit of the
Hercules Dwarf Galaxy
This chapter is soon to be submitted to Monthly Notices of the Royal Astronomical
Society as ‘Uncovering the Orbit of the Hercules Dwarf Galaxy’, Gregory et al. (in
prep.). The simulations of the tidal disruption of Hercules were produced by Dr.
Denis Erkal, who also wrote parts of section §3.4.1.
3.1 Introduction
The recently discovered class of ultra–faint dwarf galaxies (UFDs) denote the low–
mass regime of galaxy formation. Initially identified as over–densities in wide–field
surveys such as the Sloan Digital Sky Survey (SDSS, York et al. 2000), UFD de-
tections have more than doubled the number of known Milky Way satellites (e.g.
Bechtol et al. 2015; Drlica-Wagner et al. 2015; Koposov et al. 2015, among oth-
ers). They appear to have unusually low surface brightnesses and luminosities,
which, combined with high dynamical masses, suggests that they may represent
the most dark matter dominated systems in the Universe (Simon and Geha, 2007).
However, the lack of bright stars renders observations, and in particular follow–up
spectroscopy, difficult with current facilities.
The shape of the mass profiles of these galaxies may play a role in their ability
to survive tidal interactions. A key prediction of pure dark matter ΛCDM simula-
tions is that dwarf galaxies should play host to a steep central cusp in the density
profile (Dubinski and Carlberg, 1991; Navarro et al., 1996). The stars in such a
galaxy would be deeply embedded in the halo, enabling the galaxy to withstand tidal
disruption and stripping (Pen˜arrubia et al., 2008). However, observations suggest
that shallow cores may be far more prevalent among Milky Way dwarf spheroidals
(Moore, 1994; Walker and Pen˜arrubia, 2011; Amorisco et al., 2013), and also among
ultra–faint dwarfs (Amorisco, 2017; Contenta et al., 2018), making them much more
susceptible to tidal disruption. Recent work by Read et al. (2016) demonstrated
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Figure 3.1: RA–Dec. map of Hercules. The targets observed with Keck/ DEIMOS
in this work are shown as black crosses, with those identified as members highlighted
as squares colour coded by velocity. The approximate positions of the DEIMOS
masks are outlined, and the red ellipse marks the nominal half–light radius of Her-
cules. The positions of the identified members (with radial velocity measurements
available) observed by Simon and Geha (2007) (triangles) and Ade´n et al. (2009a)
(circles) are shown.
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that an extended period of bursty star formation is capable of reducing a cusp to
a core through dark matter heating (see also Read and Gilmore 2005; Pontzen and
Governato 2012, 2014; Teyssier et al. 2013; Brooks et al. 2013). It is therefore likely
that a large proportion of the Milky Way satellite population is cored, and, by ex-
tension, a significant number of satellites may be expected to be undergoing some
form of tidal disturbance. Deeper studies into the number and nature of disrupting
satellites (e.g. Mutlu-Pakdil et al. 2019b) may provide important clues as to the
shapes of their density profiles, and the role of baryons in galaxy evolution.
To date, a number of ultra–faint dwarf galaxies have displayed evidence for
tidal interactions (e.g. Martin et al. 2008; Mun˜oz et al. 2010; Simon and Geha
2007– hereafter SG07; Sand et al. 2012; Collins et al. 2017, among others). One
of the strongest candidates for a tidally disrupting UFD around the Milky Way is
the Hercules dwarf galaxy. First identified by Belokurov et al. (2007) as a stellar
overdensity in imaging data from SDSS, and located 132 kpc from the Sun (Musella
et al., 2012), Hercules appears to be rapidly receding from the Milky Way (vGSR ∼
145 kms −1; SG07; Ade´n et al. 2009a– hereafter A09). The same spectroscopic
studies have shown Hercules to have a small velocity dispersion of σv < 5 kms
−1,
corresponding to a mass within 300 pc (≈rhalf) of M(< 300) ∼ 2 × 106M (Ade´n
et al., 2009b).
Sand et al. (2009) assess the star formation history of Hercules using CMD fitting,
and find an old stellar population with negligible star formation in the last 12 Gyr.
This view was upheld by Brown et al. (2014), supporting the hypothesis that star
formation in the smallest halos is suppressed by reionization. Indeed, a study of
HST imaging by Weisz et al. (2014) suggests that Hercules may be a ‘fossil’ galaxy
quenched by reionization. However, this scenario is complicated by the possible
tidal disruption of Hercules. Like other ultra–faint satellites, Hercules appears to
be metal poor with a large metallicity dispersion (SG07; Kirby et al. 2008b; A09).
Koch et al. (2008) suggested that Hercules experienced inhomogeneous chemical
enrichment, primarily due to the contribution of Type II supernovae.
There is photometric and spectroscopic evidence to suggest that Hercules is
undergoing tidal disruption by the Milky Way. Coleman et al. (2007) find that
Hercules has a 3:1 axis ratio (Martin et al., 2008; Sand et al., 2009), making it the
most elongated MW dSph other than the disrupting Sagittarius dwarf (Ibata et al.,
1994). Deep imaging by Roderick et al. (2015) highlights at least nine significant
over–densities as far as 2 kpc from the centre, mostly distributed along the major
axis, though with some perpendicular to this. They find that the same number of
stars are located in this substructure as in the main body of Hercules, suggesting
a high rate of mass loss. Deason et al. (2012) spectroscopically confirm several
blue horizontal branch (BHB) members at large distances, which are likely to have
been tidally stripped from the galaxy. Similarly, Garling et al. (2018) detect three
RR Lyrae members outside the nominal tidal radius. Given that there are nine RR
Lyrae members within the tidal radius, this implies that a large proportion of stellar
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Table 3.1: Key Properties of Hercules. Properties in the lower panel are derived
in this work. a) Belokurov et al. (2007); b) Musella et al. (2012); c) Martin et al.
(2008); d) Ade´n et al. (2009a). The orbital properties are derived in Sec. 3.4.1.
RAa 16 31 02
Declinationa +12 47 30
Heliocentric Distanceb 132±6 kpc
Half–Light Radiusc 8.6+1.8−1.1 arcmin
330+75−52 pc
Ellipticityc 0.68+0.06−0.08
Position Anglec -78±4◦
Stellar Massd 3.7× 104 M
Luminosityc 3.6± 1.1×104 L
Heliocentric Velocity 46.4±1.3 kms−1
Velocity Dispersion 4.4+1.4−1.2 kms
−1
Dynamical Mass (<1.8rhalf) 9.3
+6.3
−5.3 M
[Fe/H] −2.48± 0.19 dex
[Fe/H] Dispersion 0.63+0.18−0.13 dex
µ∗α -0.153±0.074 mas yr−1
µδ -0.397±0.063 mas yr−1
Pericentre 50.9+24.2−23.6 kpc
Apocentre 227.9+85.1−38.1 kpc
Eccentricity 0.65+0.10−0.05
material has been stripped from the main body of Hercules. However, combining
kinematics with proper motions from Gaia DR2, Fu et al. (2019) were unable to
confirm any members located in potential tidal substructures.
Considering the large heliocentric distance of Hercules— one of the outermost
known MW satellites— a highly eccentric orbit is required to bring it close enough
to the MW to induce tidal disruption. Work by Fu et al. (2019) suggests a 40%
probability that Hercules has undergone tidal stripping, based on the principle that
its orbit must bring it within 40kpc of the Milky Way (the distance at which the
tidal radius is equal to 3× the half–light radius). It has been argued in multiple
studies that if the elongation is the result of Hercules dissolving into a stellar stream,
one would expect the orbit to be aligned with the major axis. Martin and Jin (2010)
measure a tentative velocity gradient of dvr
dχ
= 10.2±6.0 kms−1 kpc−1 along the major
axis. From this, they constrain a pericentre radius of Rperi = 6
+9
−2 kpc, reached some
0.6 Gyr ago, consistent with a highly radial orbit and the possibility that Hercules
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is a stellar stream in formation.
However, analysis by Blan˜a et al. (2015) suggests that the orbit described above
is not feasible given the highly elongated appearance of the galaxy. The positions of
the substructures identified in Roderick et al. (2015) are also suggestive of an orbital
path which does not align exactly with the tidal arms. Others have proposed that
the stream–in–formation is actually aligned with the minor axis of Hercules. Ku¨pper
et al. (2017) (hereafter K17) model a highly eccentric orbit with  ≈ 0.95, which
causes the satellite to ‘explode’ such that the tidal debris spreads out perpendicular
to the orbital path. In this situation, the galaxy would experience tidal shocks at
the pericentre of its orbit, which remove large portions of mass; one condition of
this would be a particularly low central density. The dispersion of stars resulting
from these tidal shocks mean that Hercules would be travelling in the direction of
the apparent minor axis, forming a stream which is broader than it is long. The
distribution of RR Lyrae stars detected in Garling et al. (2018) may also support
this hypothesis.
In this chapter, I re–examine the chemo–kinematics of Hercules using new spec-
troscopy from the DEIMOS instrument on the Keck II telescope, and combine this
with proper motion data from Gaia DR2 to investigate its potential orbit. The
paper is structured as follows. In §3.2 I detail the observations and data reduction
process for the photometric and spectroscopic datasets, and outline the definition of
Hercules membership. My refined measurements of the kinematics and metallicity
of Hercules is discussed in §3.3. I explore the proper motion and orbital parameters
of Hercules as measured in Gaia DR2 in §3.4. I conclude in §3.5.
Key properties of Hercules as used in this work are outlined in Table 3.1.
3.2 Observations and Data
3.2.1 Photometry
I utilise B– and r– band imaging of Hercules from the Large Binocular Telescope
(LBT), first presented in Sand et al. (2009). Observations were made in May and
June 2008 using the Large Binocular Camera (LBC, Ragazzoni et al. 2006). LBT
consists of two 8.4m telescopes, each equipped with a prime focus imager, with one
optimised for blue wavelengths and one for red wavelengths. Each camera has a 23’×
23’ field of view. Six 300s exposures were taken in each of the five fields, with seeing
ranging from 0.8 to 1.4 arcsec. Full details of the observations and data reduction
process are available in Sand et al. (2009). Magnitudes were calibrated using stars in
common with the Sloan Digital Sky Survey (SDSS, Adelman-McCarthy et al. 2006)
DR61, using the calibrations from Jordi et al. (2006) for the B-band. In cases where
stars were near the saturation limit of LBT, the corresponding SDSS magnitudes
are used instead.
1http://cas.sdss.org/DR6/en/
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3.2.2 Spectroscopy
The DEIMOS instrument (Faber et al., 2003) on the Keck II telescope located on
Mauna Kea in Hawaii was used to obtain spectroscopy of Hercules on 17th May 2015.
DEIMOS is a multi–slit spectrograph with a field of view of approximately 16′×14′.
I utilised the 1200 l/mm grating (R ≈6500), with a central wavelength of 7800 A˚
and the OG550 filter to block shorter wavelengths. This is the same instrument
configuration as used in SG07. Three DEIMOS slit masks were observed, designed
to cover the field of view of SG07, as well as extending further along the major and
minor axes to detect any tidal features. The approximate positions of these masks
are shown in Fig. 3.1. Each mask contains 60–75 stars. Exposures of 1200–1800s
were used, with total integration times ranging between 60 and 100 minutes per
mask. Targets were selected using the LBT photometry. Typical seeing of between
0.7 and 1 arcsec was achieved in clear conditions.
Data reduction was performed following the process detailed in Tollerud et al.
(2012, 2013). The spec2d DEIMOS reduction pipeline was used to extract a one–
dimensional spectrum for each target. The line–of–sight velocities are measured by
cross correlating the spectra with high S/N spectra of known velocity stars, using
either the Hα line or some aggregate of the weaker molecular lines. Mis–centring of
stars within the slits is corrected for using strong telluric lines. Errors on the radial
velocities are determined through a Monte Carlo process, outlined in Tollerud et al.
(2012). Random noise seeded by the variance per pixel is added to each spectrum,
and the velocity determined by cross correlation. This process is repeated for 1000
iterations. The mean and standard deviation of these 1000 iterations are quoted as
the radial velocity and error of the given target. Of the 205 observed targets, 173
were successfully reduced with velocity uncertainties < 30 kms−1. This sample has
a mean S/N of 15.8 pix−1 and a mean velocity uncertainty of δv = 2.5 kms−1.
3.2.3 Defining Membership
To classify the spectroscopic members of Hercules, I follow the probabilistic method
outlined in Collins et al. (2013). The probability of a star belonging to Hercules,
given its position on the colour–magnitude diagram and its velocity, is
Pi ∝ PCMD × Pvel. (3.2.1)
To determine PCMD, I measure the position of each object on the colour–
magnitude diagram (CMD) relative to a fiducial isochrone. I plot the CMD of
Hercules using the photometric data from LBT in Fig. 3.2, taking only the sources
within 7 arcmin of the centre to reduce crowding. I overlay two isochrones to best
represent the horizontal branch (HB) and red giant branch (RGB) of Hercules. The
isochrones are taken from the Padova database (Girardi et al., 2002), and describe a
12 Gyr, Z = 0.0001 evolutionary track, shifted by a distance modulus m−M = 20.60
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Figure 3.2: Colour–magnitude diagram for Hercules with a 12 Gyr, Z=0.0001
Padova isochrone overlaid. The targets observed with Keck/ DEIMOS are colour
coded by their proximity to the isochrone, PCMD. Sources later confirmed as mem-
bers are shown with a black outline.
to account for the distance to Hercules. Tollerud et al. (2012) define the distance
from a given object to the isochrone as
PCMD = exp
[
− ∆(B − r)
2
2σc
− ∆(r)
2
2σm
]
, (3.2.2)
where ∆(B − r) and ∆(r) are the minimum separation from the isochrone in each
dimension, and σc and σm are free parameters accounting for distance and photom-
etry factors. I set σc = 0.03 and σm = 0.1 to best constrain the Hercules HB and
RGB. PCMD serves as a proxy for the probability of membership. In Fig. 3.2, I plot
the observed Hercules targets colour coded by PCMD.
Fig. 3.3 shows the histogram of radial velocities of my observed targets. The
probability of a star belonging to a particular peak is given by (Collins et al., 2013)
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Ppeak,i =
1
√
2pi
√
σ2v,peak + v
2
err,i + 2.2
2
× exp
(
− 1
2
[
vpeak − vi√
σ2v,peak + v
2
err,i + 2.2
2
]2)
, (3.2.3)
where vi is the velocity of the given star, verr is the error on its velocity, vpeak is the
systemic velocity of the peak, and σv,peak is the velocity dispersion. An additional
systematic uncertainty of 2.2kms−1 is known to be present in DEIMOS spectra
(SG07; Kalirai et al. 2010; Tollerud et al. 2012); this is added in quadrature to
my measured velocity uncertainty. I then use Bayesian inferences to define the
probability of a star being a velocity member as
P vel =
PHerc,i
PMW,i + PHerc,i
. (3.2.4)
Based on velocity alone, it is difficult to differentiate between MW and Hercules
members as they occupy the same velocity space. This results in heavy foreground
contamination of the Hercules peak (see Fig. 3.3), vastly inflating the velocity
dispersion and skewing the measured velocity. I therefore define the Hercules peak
using the values measured by A09, with vpeak = 45.20 kms
−1 and σv,peak = 3.72
kms−1. These values are chosen because A09 were able to utilise intermediate band
Stro¨mgren photometry to robustly separate the foreground stars from the dSph
members, meaning the systemic velocity and velocity dispersion were measured from
a well defined population. For the MW peak, I define vpeak = −10.0 kms−1 and
σv,peak = 60 kms
−1, values estimated from a Besanc¸on model (Robin et al., 2003) of
the MW in the Hercules region of the sky.
PCMD and Pvel are combined in equation 3.2.1 to obtain the overall probability of
membership for each observed target. Note that I do not include a factor to account
for the distance from the object to the centre of Hercules. The DEIMOS masks
were specifically designed to lie across the centre of the galaxy, and to exclude the
more distant objects may inhibit my ability to observe tidal features. I define the
members of Hercules as those stars with Pi > 0.5. This results in a population of 21
member stars, comprising 20 RGB and 1 HB star. The velocities of the members
are plotted as a histogram and as a function of distance from the centre of Hercules
in Fig. 3.3, and are highlighted in Fig. 3.2. My sample of members has a mean S/N
of 13.7pix−1 and a mean velocity uncertainty of δv = 4.1 kms−1.
Tidally Stripped Members?
My field of view is focussed on the central regions of Hercules; hence the majority
of my member stars fall inside the half–light radius. There are five members of my
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sample located outside this radius (see Fig. 3.1). Comparing to the overdensities
identified in Roderick et al. (2015), these stars may fall in the contour surrounding
the central rhalf (‘Segment 13’), and so may represent material which has been tidally
stripped. This tentative detection appears to suggest that the debris surrounding
Hercules is indeed associated with the galaxy. However, I note that these stars still
fall within 2 rhalf , and may be bound stars which have been preferentially observed
due to the positioning of the DEIMOS slit masks. Either way, these and further
flung regions would be strong candidates for further spectroscopic study.
3.3 Chemo-Dynamics of Hercules
3.3.1 Kinematics
Dispersion Supported System
I first consider the scenario where Hercules is a bound, non–disrupting system with
little or no rotation. To determine the systemic velocity and velocity dispersion,
I follow the maximum likelihood method first defined in Martin et al. (2007). An
MCMC routine is used to find the velocity and velocity dispersion which maximise
the log–likelihood function
logL =
N∑
i=1
log(ηHercPHerc,i), (3.3.1)
where PHerc,i is the probability of belonging to the Hercules velocity peak and η
defines the fraction of the total population belonging to each peak. PHerc,i is cal-
culated from equation 3.2.3, multiplied by an additional factor Pi to account for
the probability of membership of the given object. I apply flat priors such that 20
kms−1 < vHerc < 75kms−1 and 0 kms−1 < σv,Herc < 20 kms−1. The emcee sam-
pler (Foreman-Mackey et al., 2013) is used to explore this parameter space. Fig.
3.4 shows the resulting 1D and 2D probability distribution functions for the pa-
rameters vHerc and σv,Herc. The resulting values are vHerc = 46.4 ± 1.3 kms−1 and
σv,Herc = 4.4
+1.4
−1.2 kms
−1, where the quoted uncertainties are the 1–σ (68th percentile)
confidence bounds. These results are fully consistent with the velocity and velocity
dispersion results of SG07 and A09.
Under the assumption that Hercules is a dispersion supported system, I can
calculate the dynamical mass using the relation defined by Errani et al. (2018),
where
M(< 1.8rhalf) =
1.8µrhalfσ
2
v,half
G
. (3.3.2)
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Figure 3.3: Top: Velocity histogram for the observed targets in Hercules, with
those identified as members highlighted in green. Bottom: Measured stellar line–
of–sight velocities as a function of distance from the centre of the Hercules dSph,
again with those identified as members highlighted in green.
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Figure 3.4: Two–dimensional and marginalized PDFs for the systemic velocity and
velocity dispersion (both in kms−1) of the identified Hercules members, assuming a
purely dispersion supported system. The dashed lines represent the mean value and
1σ uncertainties.
rhalf is the half light radius and µ = 3.5. This mass estimator is chosen because it
does not assume a flat dispersion profile. Using my measured value for σv,Herc, and
taking rhalf = 330 pc (Martin et al., 2008), this returns a mass of M(< 1.8rhalf) =
9.3+6.3−5.3 × 106 M, corresponding to a mass–to–light ratio of M/L(< 1.8rhalf) ≈
259+175−147 M/L. This would imply a strongly dark matter dominated system.
Disrupting System
Previous photometric and spectroscopic studies indicate some form of disruption
within Hercules (Coleman et al. 2007; Sand et al. 2009; Martin and Jin 2010; Rod-
erick et al. 2015, among others). I therefore consider a second scenario, and search
for kinematic evidence of this tidal disturbance in the form of a velocity gradient.
I follow the maximum likelihood method laid out in Martin and Jin (2010) to find
the velocity gradient dvr
dχ
acting along an axis with position angle θ. The likelihood
function defined in equation 3.3.1 is modified to become
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Table 3.3: Kinematics of Hercules as measured in this work. The velocity gradient
results are listed with its position angle fixed along the major axis (θ=-78◦); along
the minor axis (θ=+12◦); and allowed to converge freely.
No Gradient Major Axis Minor Axis Free θ
Velocity (kms−1) 46.4± 1.3 46.2+1.3−1.2 46.1± 1.4 46.2± 1.3
Dispersion (kms−1) 4.4+1.4−1.2 4.6
+1.4
−1.1 5.1
+1.4
−1.1 4.7
+1.4
−1.1
Gradient (kms−1kpc−1) – 9.4+6.0−6.3 13.3
+17.4
−17.8 9.5
+9.8
−13.0
Gradient (kms−1deg−1) – 21.4+13.8−14.7 28.4
+36.4
−39.7 21.8
+22.2
−29.9
Position Angle – -78◦ +12◦ −95.7◦+68.9−56.9
L
(
v, σv,
dvr
dχ
, θ
)
=
∏
i
li
(
v, σv,
dvr
dχ
, θ
)
(3.3.3)
where
li =
1
√
2pi
√
σ2v,Herc + v
2
err,i
× exp
(
− 1
2
[
∆v2r,i√
σ2v,Herc + v
2
err,i
]2)
(3.3.4)
describes the probability of finding the object i given the parameters. ∆vr,i is the
difference between the measured velocity of a star and a velocity gradient dvr
dχ
acting
along the angular distance of a star along an axis yi with position angle θ, and is
given by
∆vr,i = vr,i − dvr
dχ
yi + v¯r (3.3.5)
yi is defined by the RA and Dec. of the star, (αi,δi), relative to the coordinates of
the centre of Hercules, (α0,δ0), as listed in Table 3.1.
yi = Xi sin θ + Yi cos θ (3.3.6)
Xi = (αi − α0) cos(δ0) (3.3.7)
Yi = δi − δ0 (3.3.8)
I again use emcee to implement an MCMC routine and find the best fit set of
parameters. I use the same priors as in the original model, and introduce priors
on the gradient and position angle such that -100 kms−1 kpc−1 < dvr
dχ
< 100kms−1
kpc−1 and −pi < θ < 0, where θ is measured from North to East.
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Figure 3.5: Stellar velocities plotted as a function of position along the major and
minor axes of Hercules. The black dashed line highlights the velocity gradient mea-
sured in this work. The dashed magenta line shows the velocity gradient calculated
in Martin and Jin (2010) from the velocities identified in Ade´n et al. (2009a). The
grey line marks the measured systemic velocity of Hercules.
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If all parameters are allowed to evolve freely I measure a systemic velocity of
vHerc = 46.2± 1.3 kms−1 and a velocity dispersion of σv,Herc = 4.7+1.4−1.1 kms−1. These
are fully consistent with the result with no gradient. The velocity gradient is mea-
sured to be dvr
dχ
= 9.5+9.8−13.0 kms
−1kpc−1 = 21.8+22.2−29.9 kms
−1deg−1. These results do not
provide strong support for the presence of a velocity gradient across the galaxy, and
are consistent with zero within 1σ. As such, Hercules may not be as dynamically
unstable as previously suggested.
Martin and Jin (2010) note that if Hercules is a stellar stream in formation,
the velocity gradient must be aligned with the major axis, such that the stars are
flowing along the orbit of the progenitor. If I follow this reasoning, and fix θ = −78◦
accordingly, I obtain a velocity gradient of dvr
dχ
= 9.4+6.0−6.3 kms
−1kpc−1 = 21.4+13.8−14.7
kms−1deg−1. This result is consistent with Martin and Jin (2010), as shown in Fig.
3.5, where I plot stellar velocities as a function of position along the major axis. It
is similar in magnitude to the ‘free’ gradient result, but with smaller errors.
On the other hand, in the ‘exploding satellite’ scenario proposed by K17, Hercules
is dissolving into a stream perpendicular to its orbit. In this case one would expect
a velocity gradient aligned with the minor axis. Fixing θ = +12◦ returns dvr
dχ
=
13.3+17.4−17.8 kms
−1kpc−1 = 28.4+36.4−39.7 kms
−1deg−1. Once again, the errors are large and
would be consistent with zero gradient; therefore, I find no strong evidence in favour
of a gradient across the minor axis.
The measured kinematics of Hercules are presented in Table 3.3, under the as-
sumptions of both a dispersion supported and a disrupting system.
Comparison to Previous Studies
The kinematics of Hercules have previously been measured by both SG07 and A09.
SG07 also used Keck/ DEIMOS observations of Hercules, obtaining 30 member
stars in the plane of the galaxy. From these, they measure a radial velocity of
vHerc = 45.0 ± 1.1 kms−1 and a velocity dispersion of σv,Herc = 5.1 ± 0.9 kms−1,
values which are fully consistent with my results. My membership sample contains
10 stars in common with the members identified in SG07. The radial velocities
of these stars are plotted in Fig. 3.6. Six of the radial velocity measurements
agree within 1–σ, and all agree within 3–σ. The differences between the velocity
measurements of all 29 stars in common (including non–members) follow a normal
distribution. Using only the members in common, from the velocities measured
in this work, I obtain a systemic velocity measurement of vHerc = 46.9
+2.1
−1.9 kms
−1
and a velocity dispersion of σv,Herc = 4.5
+2.4
−1.8 kms
−1. From the SG07 velocities, I
measure a systemic velocity of vHerc = 44.1
+1.6
−1.5 kms
−1 and a velocity dispersion of
σv,Herc = 2.6
+2.4
−1.7 kms
−1. These results are consistent with each other within 1–σ,
and although the velocity dispersion appears small when using the SG07 velocities,
this is probably due to the small sample size.
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Figure 3.6: Comparison between the radial velocities of the members identified
in this work and those identified in Simon and Geha (2007) (orange triangles) and
Ade´n et al. (2009a) (magenta circles). Some stars are present in all three datasets.
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A09 use Stro¨mgren photometry to constrain a population of 47 Hercules mem-
bers, and obtain kinematics for 20 of them using the FLAMES instrument on the
VLT. From the 18 RGB members, they determine a radial velocity of vHerc =
45.20±1.09 kms−1 and a velocity dispersion of σv,Herc = 3.72±0.91 kms−1. This ve-
locity dispersion is slightly smaller than both the SG07 result and the measurement
in this work. Comparing my dataset with that of A09, I find 5 overlapping stars.
Two of these velocities, which are also shown in Fig. 3.6, are consistent within 1–σ,
and all are consistent within 3–σ. Using only these stars in common, from the Keck
velocities (this work), I obtain a systemic velocity measurement of vHerc = 46.9
+3.2
−3.1
kms−1 and a velocity dispersion of σv,Herc = 6.3+4.4−2.6 kms
−1. From the A09 velocities,
I obtain a a systemic velocity measurement of vHerc = 44.0
+2.3
−2.5 kms
−1 and a velocity
dispersion of σv,Herc = 4.0
+4.0
−2.5 kms
−1. These results are consistent within 1–σ.
In the analysis of their modelled orbit, K17 propose an observational test of
the model whereby a velocity substructure should be detected between 41–43kms−1.
This is formed by the so-called ‘exploded component’, that is, the stars aligned with
the major axis and perpendicular to the orbital path, which should retain the velocity
of the progenitor, and which also should not display a velocity gradient. I find no
evidence for a velocity substructure in my membership sample, with only 4 of the 21
stars falling within the defined bounds. However, the average velocity uncertainty
per member star in my dataset is δv = 4.2 kms
−1, which is comparable to the overall
velocity dispersion and so may blur out any residual velocity substructures (see the
discussion in Section 7 of K17 for more detail).
3.3.2 Metallicity
The S/N of my spectra is sufficient to obtain individual metallicities of the member
stars. To do this I utilise the empirical relation between the equivalent widths of the
three Ca II absorption lines (λ=8498A˚, 8542A˚, 8662A˚), and the metallicity [Fe/H]
of an RGB star. There are several calibrations available for this (e.g. Starkenburg
et al. 2010; Carrera et al. 2013), which take the general form
[Fe/H] = a+ bMV + cEW + dEW
−1.5 + eEW ×MV , (3.3.9)
for an RGB star of absolute V –band magnitude MV . I choose to use the calibration
defined in Carrera et al. (2013), which is derived from observations of real stars
and spans the metallicity range -4.0<[Fe/H]<0.5. In this case, the coefficients of
equation 3.3.9 are
a = −3.45 b = 0.16 c = 0.41 d = −0.53 e = 0.019.
The absolute magnitude of a given Hercules member star is calculated from the
apparent V –band magnitude, mV , and the distance to Hercules using
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MV = mV − 5 log10(rHerc) + 5 (3.3.10)
where it is assumed that all targets lie at the given distance of Hercules. The small
error introduced by this assumption is outweighed by the error generated from the
noise in the spectra.
The spectra are processed as follows. I first normalise the spectra by smoothing
with a median filter to fit to the continuum, and dividing the spectrum through
by this continuum. I then fit a model consisting of a smooth continuum and three
Gaussian peaks representing the Ca II lines to the normalised spectra using a least
squares minimisation. The equivalent width of each peak is then extracted from the
fitted peak area and continuum. This is repeated for all three lines, and the results
are fed into equation 3.3.9.
I exclude the HB star from this analysis as the Ca II–metallicity relation is only
calibrated for the RGB. From the RGB population, I obtain metallicities ranging
from [Fe/H]= -1.26 dex to [Fe/H]= -3.28 dex for 13 stars. In some cases the spectrum
was incomplete in the Ca II region, or was too noisy to produce a reliable metallicity
measurement. The normalised Hercules member spectra used, with the Gaussian fit
displayed in black, are presented in Fig. B.1. Using emcee to fit a Gaussian to the
histogram of metallicities, I obtain a mean metallicity of [Fe/H]= −2.48± 0.19 dex
and a dispersion of σ[Fe/H] = 0.63
+0.18
−0.13 dex. The individual metallicities of member
stars are listed in table 3.2. Errors on these values are obtained by propagating the
values from the covariance matrix of the fitting parameters.
This result is in agreement with previous findings that Hercules is a very metal–
poor galaxy. My result finds it to be slightly more metal poor than A09, who
obtained a photometric metallicity of [Fe/H]=−2.35 ± 0.35 dex, and SG07, who
measured [Fe/H]=−2.27 ± 0.07 dex. Perhaps the most robust measurement thus
far is by Kirby et al. (2008b), who measured a metallicity of [Fe/H]=−2.58 ± 0.04
dex by comparing to synthetic spectra of RGB stars (see Kirby et al. 2008a). My
mean metallicity is within 1–σ of this measurement. Kirby et al. (2008b) measure
a metallicity dispersion of σ[Fe/H] = 0.51 dex; again, my result is within 1–σ of this
measurement. The large spread of metallicities is not uncommon in MW dwarfs
(Kirby et al., 2013), and indicates self–enrichment in the star formation history of
the galaxy. Under the assumption that a deep gravitational well is required to retain
enrichment products, this confirms that the progenitor of the Hercules stream was
(is– if not yet unbound) a dwarf galaxy.
Using the normalised spectra, I can perform one final test of my defined member-
ship sample by checking the Na I doublet absorption feature. The Ca II–[Fe/H] rela-
tion, which does not apply to dwarf stars, nonetheless may produce low metallicity
results for Milky Way interlopers. Given the large spread in measured metallicities,
it is therefore possible that some contaminants are still present. I check this by
examining the Na I doublet, centred on ∼8200A˚, which is typically much stronger
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Figure 3.7: Metallicity as a function of log (LV /L) for the MW (orange squares)
and M31 (green points) dwarfs. Hercules is shown as a magenta diamond. The
[Fe/H]–LV relation defined in Kirby et al. (2013) is plotted as a dot–dash line,
with the rms scatter about this relation shown as the shaded region. My measured
metallicity places Hercules ∼1–σ below this relation. Galaxy data mostly from
Kirby et al. (2013), with additional data points from Kirby et al. (2015); Martin
et al. (2016); Longeard et al. (2018).
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in dwarf stars than in giants. Indeed, I find no absorption features at this location
in any of my member spectra, increasing confidence in my sample.
Kirby et al. (2013) define a universal [Fe/H]–luminosity relation for Local Group
dwarfs. I show this on a plot of metallicity vs. luminosity for a selection of MW
and M31 dwarfs in Fig. 3.7. The low metallicity of Hercules places it ∼1–σ below
this relation. A dwarf galaxy of Hercules’s luminosity would be expected to have a
metallicity of ∼ −2.2 dex. One might expect a disrupting dwarf to be more metal–
rich than the relation predicts, as the higher initial mass increases its ability to self–
enrich. The metal–poor nature of Hercules is therefore surprising. Other potentially
disrupting dwarfs have been found to be fully compatible with this relation (e.g.
Collins et al. 2017; Longeard et al. 2018). There does appear to be some scatter
about the relation, particularly at the low luminosity end, and the large spread in
metallicities may push Hercules closer to the relation.
I might also expect to find a metallicity gradient in my data. To date, most
dwarf galaxies have displayed a negative gradient; that is, more metal–rich stars are
located at the centre of the galaxy, becoming increasingly metal–poor with distance
(e.g. Battaglia et al. 2006; Koleva et al. 2009; Kirby et al. 2012; Taibi et al. 2018).
The most probable explanation is that over time, the galaxy becomes increasingly
metal–rich due to enrichment from supernovae feedback, whilst gas is preferentially
lost from the outer regions, resulting in an increasingly metal–rich and centrally
concentrated young population. I find no evidence for a metallicity gradient across
Hercules. My measured gradient of d[Fe/H]
dr
= −0.01±0.06 dex arcmin−1 is consistent
with zero within 1σ.
3.4 Hercules in Gaia DR2
For Hercules to be tidally disrupting as the result of a Milky Way interaction, it
must have experienced a recent close passage. Given the large distance between the
two galaxies at the present time, this requires Hercules to be on a highly radial orbit
(Martin and Jin, 2010). I aim to constrain the motion of Hercules using proper
motion data from the second Gaia (Gaia Collaboration et al., 2016) data release
(DR2, Gaia Collaboration et al. 2018a).
Gaia DR2 has already provided strong constraints on the proper motions of
many Milky Way satellites, including Hercules (e.g. Fritz et al. 2018a; Kallivayalil
et al. 2018; Simon 2018). Fritz et al. (2018a) identified 4 member stars from the
SG07 and A09 datasets in Gaia DR2, from which they determine a proper motion for
Hercules of µ∗α = −0.297±0.118 mas yr−1, µδ = −0.329±0.094 mas yr−1, suggestive
of an elliptical orbit with a pericentre of 14–20 kpc, depending on the Milky Way
mass. Further analysis of the SG07 and A09 datasets by Fu et al. (2019) returned a
weighted mean proper motion of µ∗α = −0.16±0.09 mas yr−1, µδ = −0.41±0.07 mas
yr−1, consistent with an orbital pericentre of 47 kpc. The inclusion of additional
data points provided by the new spectroscopy presented here should help to further
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Figure 3.8: Proper motions for the identified Hercules members, including sources
identified in Simon and Geha (2007) and Ade´n et al. (2009a). Left: Proper motions
of all 28 sources with a match in Gaia DR2, with accepted measurements in yellow
and the two inconsistent measurements shown as magenta triangles. Right: Close
up of the accepted proper motions. The red dot marks the mean proper motion
from this work; the mean proper motions from Fritz et al. (2018a) and Fu et al.
(2019), and the prediction from K17 are also marked. Proper motions of other Gaia
sources within 0.3 deg of the centre of Hercules are also shown.
constrain the proper motion of Hercules.
For comparison to the DR2 archive, I combine my membership sample with those
of SG07 and A09, to create a comprehensive set of 49 Hercules members. I extract
all sources within 0.2 degrees of the centre of Hercules from the Gaia DR2 archive,
to cover the full field of view of the observations. Catalogue matching is used to
identify the closest DR2 source (on the sky) to each kinematic member. I select
only those with a match within 1 arcsec and with kinematic information available
in DR2. As a check, I compare the magnitudes of the kinematic members with the
corresponding Gaia magnitudes, and confirm a positive correlation between the two.
This process returns a sample of 28 sources. I reject two of these sources as their
proper motions are more than 3-σ outside the mean (see Fig. 3.8, left panel). One of
these rejected proper motions is defined as a member in SG07; the other is defined
as a member in this work on the basis of its velocity and CMD position (object 35
in field H3). I choose to retain it for my spectroscopic analysis as its inclusion does
not significantly affect the results, but note that the proper motion may imply that
this star is not a true Hercules member.
To account for the correlation between the proper motions in RA and declination,
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Figure 3.9: Comparison of the uncertainty–weighted mean proper motion derived
in this work with those of Fritz et al. (2018a) and Fu et al. (2019). The theoretical
proper motion for the predicted orbit of K17 is also shown.
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I fit them simultaneously using a multidimensional Gaussian. I determine the mean
proper motion of the galaxy by using emcee to find the proper motions which
maximise the likelihood function
L ∝ exp
(
− 1
2
(xˆ− µˆ)TΣ−1(xˆ− µˆ)
)
(3.4.1)
where
xˆ =
∣∣∣∣µα,i 00 µδ,i
∣∣∣∣ and µˆ = ∣∣∣∣µα 00 µδ
∣∣∣∣ (3.4.2)
are vectors describing the individual proper motion of a given source and the mean
proper motion of the system respectively. Σ is the covariance matrix which accounts
for the errors in the measured proper motions (δµα, δµα), and the correlation Cµαµδ
between the two dimensions, and is defined by
Σ =
[
δµα,i 0
0 δµδ,i
]
·
[
Cµαµδ,i 1
1 Cµαµδ,i
]
·
[
δµα,i 0
0 δµδ,i
]
(3.4.3)
From my sample of 26 sources, I determine an uncertainty–weighted mean proper
motion of µ∗α = µα cos(δ) = −0.153±0.074 mas yr−1, µδ = −0.397±0.063 mas yr−1,
with a correlation coefficient between them of 0.104. The quoted error on the mean
includes the systematic error of 0.035 mas yr−1 on proper motion measurements of
dSphs identified by Gaia Collaboration et al. (2018b) added in quadrature. The
individual proper motions are plotted in Fig. 3.8, with the weighted mean proper
motion shown as the red dot. I note that if I use only the 9 Hercules members
identified in this study which have Gaia proper motions (see table 3.2), I obtain a
mean proper motion of µ∗α = µα cos(δ) = −0.087 ± 0.128mas yr−1, µδ = −0.383 ±
0.103 mas yr−1, fully consistent with that of the full sample.
In Fig. 3.9, I compare my proper motion results to those already found in the
literature. My result is fully consistent with the result of Fu et al. (2019), but
with reduced uncertainties in accordance with the increased sample size. I also
show the proper motion predicted by K17 to reproduce their theoretical orbit. For
the extremely radial orbit of K17, a precise proper motion of µ∗α = µα cos(δ) =
0.210+0.019−0.013mas yr
−1, µδ = −0.224+0.016−0.015 mas yr−1 is predicted. Within the error
ranges, this is consistent with my measurement in the µα dimension. However,
it is more than 2–σ offset in the µδ dimension, suggesting that the K17 model is
incompatible with Gaia DR2 observations.
Fig. 3.10 illustrates the proper motion of Hercules in the RA–Dec. plane. The
black arrows indicate the individual proper motions, corrected to account for the
reflex motion of the Sun assuming all sources are located at 132 kpc. The ellipse
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Figure 3.10: Proper motions for the identified Hercules members, plotted by posi-
tion in the RA–Dec. plane. The Hercules members with a proper motion measure-
ment in Gaia are shown as black arrows. The ellipse marks the half–light radius
of Hercules, with the elongation measured in Martin et al. (2008); the grey bar
indicates the steeper position angle measured by Roderick et al. (2015). The red
arrow marks the weighted mean proper motion of Hercules, with 2–σ shaded bands.
This proper motion is inconsistent with the prediction of Ku¨pper et al. (2017) (blue
arrow) and with the position angle of Hercules.
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marks the half–light radius of Hercules with the position angle measured by Martin
et al. (2008); the grey bar indicates the steeper position angle measured by Roderick
et al. (2015). If Hercules is being tidally disrupted, its elongation should be aligned
along the orbital path. However, the bulk proper motion (red arrow) is inconsistent
with the orientation of Hercules by more than 1–σ, as shown by the red shaded
regions. It is also inconsistent with the proper motion required for the ‘exploding
satellite’ scenario proposed by K17.
3.4.1 Modelling the Tidal Disruption of Hercules
In order to test whether the proper motion and radial velocities measured in this
work are consistent with the orientation of Hercules, I simulate the tidal disruption
of Hercules. This is done using the modified Lagrange Cloud stripping (mLCs)
technique from Gibbons et al. (2014), which was designed to rapidly reproduce the
tidal streams formed during tidal disruption. This method was updated to include
the effect of the Large Magellanic Cloud (LMC) in Erkal et al. (2019). This is crucial
since recent works (e.g. Kallivayalil et al. 2013; Pen˜arrubia et al. 2016; Erkal et al.
2019) have found that the LMC has a mass of ∼ 1− 2.5× 1011M. Such a massive
LMC can significantly change the orbit of a number of Milky Way satellites (Erkal
and Belokurov, 2019), as well as deflect streams in the Milky Way (Erkal et al.,
2018, 2019; Shipp et al., 2019).
For the potential, I used the realistic Milky Way potential from McMillan (2017),
implemented in galpot (Dehnen and Binney, 1998), and a 1.5 × 1011M LMC
modelled as a Hernquist sphere with a scale radius of 17.13 kpc (as in Erkal and
Belokurov 2019). Since the mLCs method includes both the potential of the Hercules
progenitor and the LMC, I only used galpot to evaluate the forces from the Milky
Way potential and not to integrate orbits. The integration itself was done using a
leapfrog method as described in Erkal et al. (2019). I model Hercules as a Plummer
sphere with a mass of 2×105M and a scale radius of 500 pc. For the LMC, I use the
radial velocity from van der Marel et al. (2002), the distance from Pietrzyn´ski et al.
(2013), and proper motions from Kallivayalil et al. (2013). I sample the present day
observables (i.e. distance, radial velocities, and proper motions) of both Hercules
and the LMC. I rewind Hercules for 5 Gyr in the combined presence of the Milky
Way and the LMC. The properties of this orbit (i.e. pericentre, apocentre, and
eccentricity) are listed in Table 3.1. This orbit is similar to the results of Fu et al.
(2019), who measured a slightly different set of proper motions, and who neglected
the influence of the LMC. I have checked that if the LMC is neglected, my results
are in better agreement with the orbital properties in Fu et al. (2019).
After this rewinding procedure, the Hercules progenitor is then evolved back to
the present while disrupting. Fig. 3.11 shows 6 such realisations of the disruption
of Hercules. The black points show the tidal debris of Hercules and the dashed red
line shows the recent orbit of Hercules. By definition, this orbit is aligned with the
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Figure 3.11: Example of six simulations of the disruption of Hercules. The dashed-
red line shows the past orbit of Hercules and the black points show the simulated
disruption of Hercules. Interestingly, the elongation of Hercules is always well aligned
with the past orbit. This is in contrast to observations of Hercules which show the
proper motions and orientation are misaligned (see Fig. 3.10).
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Figure 3.12: Tidal radius compared to half–light radius as a function of pericentric
distance. The tidal radius is computed using the mass (and errors) inferred for
Hercules in Sec. 3.3.1. The half-light radius comes from Martin et al. (2008). When
the half-light radius is similar to the tidal radius, the system should be significantly
distorted by tides. Given the large uncertainty on the pericentre of Hercules (see
Tab. 3.1) it is unclear from the current data whether Hercules has been tidally
distorted by the Milky Way.
reflex corrected proper motions of Hercules and thus this figure shows that proper
motions are expected to be very well aligned with the tidal debris of Hercules. This
is in contrast to Fig. 3.10 which shows that the orientation of Hercules is misaligned
with its proper motions.
In order to test how generic this is, I also disrupted Hercules in the MWPo-
tential2014 from Bovy (2015) using the same mLCs technique described above.
Although the orbits are slightly different, i.e. larger pericentre and apocentre due to
the lower mass of the potential, I find the same generic alignment as in the potential
from McMillan (2017). Finally, since the alignment of Hercules is measured within
its half-light radius, I also tested the alignment of Hercules with N -body simulations
which account for the internal dynamics of Hercules. These simulations were run
with the N -body part of gadget-3, which is similar to gadget-2 (Springel, 2005).
I used the MWPotential2014 from Bovy (2015) for the Milky Way but ignored
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the LMC. Hercules is modelled as a Plummer sphere with a mass of range of either
106M or 107M and a scale radius of 1 kpc, using 105 particles and a softening of
85 pc. I find that the inner region of Hercules is spherical but the outer parts were
aligned with the past orbit, as with the debris in Fig. 3.11. Thus, in all cases, the
debris is expected to be closely aligned with the proper motions.
There are several plausible explanations for the misalignment between the ob-
served proper motions and shape of Hercules (see Fig. 3.10). First, the orientation
of Hercules is a ∼ 2σ outlier with respect to the proper motions so perhaps improved
proper motions will be more consistent with the orientation of Hercules. In order
to give the formal tension, I Monte Carlo sample the orientation and proper motion
and find a 1.75–σ tension. Along these lines, I note that other measurements of the
shape of Hercules (for example, the measurement by Roderick et al. (2015) shown
as the grey bar in Fig. 3.10; see also the measurement by Sand et al. 2009) are in
better agreement with the proper motions than the measurement in Martin et al.
(2008). Future observations of the proper motions, e.g. with Gaia DR3, will allow
us to determine whether the proper motions are aligned with the shape of Hercules.
Based on the mass estimate for Hercules provided in §3.3.1, I can also estimate
the tidal radius of Hercules in the potential from McMillan (2017). A comparison
between the tidal radius (as a function of pericentric distance) and the half-light
radius is shown in Fig. 3.12. This shows that if the pericentre of Hercules is less
than∼ 20 kpc, Hercules could be significantly tidally distorted. Given the significant
uncertainty on the pericentre (50.9+24.2−23.6 kpc, see Tab. 3.1), it is unclear from the
current data whether Hercules has been affected by the tides of the Milky Way.
Alternatively, the shape of Hercules could reflect the fact that it was not origi-
nally spherical. Observations have shown that some field dwarfs can display aspher-
ical morphologies (for example WLM; Sag DIG; NGC 3109 McConnachie 2012).
However, these systems are significantly more massive than Hercules, and as obser-
vations of isolated UFDs are limited, it is unclear whether a significant elongation
is expected in this mass range.
3.5 Conclusions
I have presented new Keck II–DEIMOS spectroscopy of the Hercules dwarf galaxy,
and analysed the resulting chemo–kinematics. I measure the heliocentric systemic
velocity and velocity dispersion of Hercules to be vHerc = 46.4 ± 1.3 kms−1 and
σv,Herc = 4.4
+1.4
−1.2 kms
−1 respectively. These are in close agreement with previous
measurements. The metallicity of Hercules is measured to be [Fe/H]= −2.48± 0.19
dex, with a dispersion of σ[Fe/H] = 0.63
+0.18
−0.13 dex. Hercules is a particularly metal–
poor galaxy, falling ∼1–σ below the standard mass–metallicity relation. This could
be a result of scatter about the relation at the low luminosity end, or it may indicate
the stronger tidal disruption of lower luminosity dwarfs.
Through comparison to the Gaia DR2 archive I also measure the proper motion
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of Hercules, and find an uncertainty–weighted proper motion of µ∗α = µα cos(δ) =
−0.153±0.074mas yr−1, µδ = −0.397±0.063 mas yr−1, with a correlation coefficient
between them of 0.104. Using these proper motions and the observed radial velocity,
I model the disruption of Hercules and find that the debris is always well aligned
with the present-day proper motions. This is in contrast to the observed proper
motions which are slightly misaligned with the position angle of Hercules. I argue
that since the misalignment is not very significant, future observations with Gaia
DR3 may resolve this tension and find a better alignment. Alternatively, it could
be that Hercules was originally non-spherical, given that some field dwarfs have
aspherical shapes.
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Chapter 4
Substructure in the Lowest Mass
Galaxies: Unveiling the Edge of
Galaxy Formation with PIGS
4.1 Introduction
In the ΛCDM paradigm, galaxies are predicted to grow through hierarchical struc-
ture formation. Smaller systems collapse first, and merge to build more massive
galaxies. The signature of these mergers can be observed in the richly structured
stellar halos which surround large galaxies, and in their satellite populations. Ac-
cording to ΛCDM predictions, if all bound dark matter halos produce stars, this
substructure should persist down to even the smallest dwarf galaxies (Springel et al.,
2008; Wheeler et al., 2015).
Systematic wide–field surveys of massive galaxies such as the Milky Way (e.g.
SDSS, Pan–STARRS1, among others), Andromeda (PAndAS, McConnachie et al.
2018) and Centaurus A (Crnojevic´ et al., 2016) have uncovered an abundance of
substructure. This includes significant satellite populations around all three hosts,
including the ultra–faint dwarfs surrounding the Milky Way, along with globular
cluster populations, and stellar streams and shells throughout the halo. The ‘Field
of Streams’ imaged by Belokurov et al. (2006) highlights at least four stellar streams/
shells thought to be the result of accretion of dwarf galaxies onto the Milky Way,
while Martin et al. (2014) illustrate the similarly structured nature of M31.
However, current studies only investigate the most massive galaxies. Can we
expect to observe the same luminous substructure in lower mass halos, or does the
nature or quantity of substructure changes as we push down to smaller and smaller
halos? ΛCDM simulations have yet to reach a consensus. Simpson et al. (2013)
predict that 1:1 mergers are probable in halos with M∗ ∼ 106M, which would lead
to observations of richly structured halos down to the lowest galaxy masses. By
contrast, Fitts et al. (2018) find that mergers are mostly irrelevant in the history of
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isolated dwarfs, suggesting that the halos of low mass dwarfs should be smooth.
The number of globular clusters present in a stellar halo can serve as a proxy
for the amount of substructure. As shown in Fig. 4.1, there is a clear correlation
between stellar mass of a galaxy and the number of globular clusters it hosts. As one
would expect, the massive galaxies M31 and Centaurus A host significant globular
cluster populations, while globulars have also been detected in the largest Milky
Way satellites such as the LMC and Fornax (McLaughlin and van der Marel, 2005).
The presence of globular clusters in the more massive Local Group dwarfs, including
isolated dIrrs such as NGC 6822 (Huxor et al., 2013), hints at the presence of other
types of substructure, such as stellar streams, shells or even satellite populations.
However, it is unclear whether this relation can be extrapolated to lower stellar
masses.
To address this, in this chapter I introduce the PAUCam Isolated Galaxy Survey
(PIGS): a new survey of the environs of isolated, low mass dwarf galaxies in the
Local Group. Using WHT+PAUCam photometry out to the virial radius, I will
catalogue substructure in the form of streams, clusters and satellite galaxies. As
isolated dwarfs, my sample should not have undergone any recent interactions, so
any substructure is expected to be evidence of primordial mergers. Springel et al.
(2008) predict that a significant fraction of substructure is located in the outskirts
of a halo; my observations out to the virial radius should therefore encompass any
substructure present. By surveying a range of stellar masses, I will investigate the
importance of mergers in the assembly history of isolated dwarfs, and whether there
is a mass scale at which luminous substructure is no longer accreted.
If substructure is observed at all mass scales, it would confirm the hierarchical
structuring model favoured by ΛCDM. Accordingly, any substructures should be
ultra–faint dwarfs or their remnants. On the other hand, if the smallest halos are
found to not host substructure, this would imply a galaxy with no past accretion
events. Such a system would in effect be one of the fundamental building blocks of
galaxy formation. This would place constraints on how reionization shuts down star
formation in low mass halos, and may hint at beyond– ΛCDM physics.
Measurements of the orbits of a number of Milky Way satellites have shown
that they were originally bound to the Large Magellanic Cloud, and accreted as a
subgroup of dwarf galaxies (Kallivayalil et al., 2018; Erkal and Belokurov, 2019).
It is also predicted that satellites the size of Fornax and Sagittarius must have
hosted at least one subhalo on infall (Dooley et al., 2017). However, it is hard to
disentangle these ‘satellites of satellites’ from the underlying Milky Way population.
Isolated galaxies provide a clean sample for which the satellite population can be
clearly identified and characterised. The weaker gravitational potential of the host
galaxy (as opposed to the dense environments surrounding the Milky Way or M31)
means any ultra–faint satellites would be much less susceptible to quenching on infall
(Gatto et al., 2013), and may remain star forming in the present day. They should
also be less affected by tidal or ram pressure stripping, and so to a large extent they
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Figure 4.1: Number of known globular clusters (prior to this study) as a function
of stellar mass for Local Group galaxies. Red points show my targets. The blue line
is a least squares regression, indicating the strong correlation between stellar mass
and amount of visible substructure. Note that there are no known globular clusters
in VV124 or Aquarius, so these points represent a lower limit.
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should have retained their original stellar populations (Springel et al., 2008). This
makes isolated dwarfs the best tracers of the internal drivers of galaxy formation.
In section §4.2 I outline the properties of the target galaxies. Section §4.3 details
the observations and data reduction process. Section §4.4 describes the analysis of
the halo structure, and I conclude in section §4.5.
4.2 Galaxy Sample
My sample of galaxies is chosen to delve two orders of magnitude smaller in stellar
mass than previous studies of stellar halos. I select three isolated dwarf galaxies
spanning masses from 108M down to 106M. Figure 4.1 shows that the largest
target, NGC 6822, has a significant globular cluster population, and is expected to
have a richly structured halo. Through analysis of WLM and VV124, I am able to
investigate whether this trend continues to lower masses.
Simulations by Wheeler et al. (2015) predict that isolated, M∗ > 106M dwarfs
have a 35% probability of hosting an ultra–faint companion. Analysis by Dooley
et al. (2017) predicts an ∼88% chance of finding at least one satellite around NGC
6822; a ∼74% chance of one WLM satellite, and a ∼39% probability of finding
a satellite of VV124. On this basis, I might therefore expect to observe at least
one UFD in my sample of 3 host galaxies. Such a detection would support the
theory that even at the smallest scales galaxy halos are built up by the accretion of
and mergers with smaller structures. Furthermore, as halos of all mass scales are
predicted to contain substructure, I may find evidence of early accretion in the form
of streams and globular clusters throughout the halo.
On the other hand, if I do not detect evidence of a merger history at all mass
scales, it would support the findings of the most recent FIRE simulations, which
predict that mergers are insignificant in the evolution of dwarfs. Fitts et al. (2018)
find that more than 70% of the stellar mass of a galaxy is formed in situ, and hence
any contribution from mergers would be small and difficult to resolve, particularly
when accounting for the fraction of accreted halos which are dark. The star for-
mation history of a dwarf would therefore reflect that of its progenitor and not the
history of accreted halos.
Below I summarise the galaxy sample. An overview of their key properties is
presented in table 4.1.
4.2.1 NGC 6822
Discovered by Barnard in 1884, NGC 6822 is notable as the first galaxy other than
the Magellanic Clouds to have its distance accurately measured using variable stars
(Hubble, 1925). At a distance of 459 kpc from the Milky Way (Gieren et al., 2006),
it is one of the closest non–satellites to the Milky Way, but is not associated with
either MW or M31, and is isolated within its own region of space. Gas rich and
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Table 4.1: Key Properties of the Observed Dwarfs. Note that for NGC 6822 and
WLM, the halo mass is measured using rotation curve fitting in Read et al. (2017);
for VV124 it is estimated using M∗ −M200 abundance matching. Listed E(B-V)
estimates are for the centre of the galaxy. References: aMcConnachie (2012); bGieren
et al. (2006); cThis Work; dKoribalski et al. (2004); eRead et al. (2017); fTolstoy
et al. (2001); gLeaman et al. (2012); hJackson et al. (2004); iJacobs et al. (2011);
jBellazzini et al. (2011a); kKirby et al. (2012); lSchlafly and Finkbeiner (2011)
NGC 6822 WLM VV124
Type dIrr dIrr dIrr/ dSph
RA 19 44 56.6a 00 01 58.2a 09 16 02.2a
Declination -14 47 21a -15 27 39.0a +52 50 24a
Distance from MW 459±17 kpcb 933±34 kpca 1.36±0.3 Mpci
Half–Light Radius >354 pca 1656±49 pcg 162±16pcj
Virial Radius 5◦c 2.6◦c 2.3◦c
Ellipticity  0.24±0.05a 0.65±0.01a 0.44±0.04a
Position Angle θ 330◦±10a 179◦±2g 84.2◦±10.5j
Systemic Velocity vr -57.0±2.0−1d -130.0±1.0−1h -29.1±1.3 kms−1k
Stellar Mass M∗ 1×108 Ma 1.1×107 Mg 9.4×106 Mk
Halo Mass M200 2×1010 Me 8.3×109 Me 5.3×109 Mc
Metallicity [Fe/H] -1.00±0.50 dexf -1.28±0.02 dexg -1.58±0.06 dexk
E(B-V) 0.1992l 0.0324l 0.0138l
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with clear evidence of ongoing star formation, NGC 6822 represents a typical dwarf
irregular galaxy. It has been shown that NGC 6822 has recently been experiencing a
period of increased star formation, forming over half its total mass in the last 5 Gyr
(Cannon et al., 2012). The star formation rate over the last 100 Myr is estimated to
be SFR= 1.4× 10−2Myr−1 (Efremova et al., 2011). The galaxy hosts a significant
reservoir of Hi gas, comprising a large disk perpendicular to the stellar spheroid
(de Blok and Walter, 2000, 2006). There is a large hole in the gas disk spanning
2kpc×1.4kpc (de Blok and Walter, 2000), which Cannon et al. (2012) suggest was
formed by stellar feedback over the last 500 Myr.
NGC 6822 has a significant population of globular clusters. The first, Hubble VII,
has been known since Hubble (1925). In recent years, CFHT/ MegaCam imaging
has increased the sample to a total of 8 GCs (Hwang et al., 2011; Huxor et al.,
2013). Veljanoski et al. (2015) showed that the GCs have metallicities ranging
between −1.6 < [Fe/H] < −0.4, and appear to be older than 9 Gyr. The clusters
appear to be arranged in a linear formation, aligned with the major axis of the
stellar spheroid, and may be rotating in the same sense as the spheroid (Veljanoski
et al., 2015). Their distribution is also very extended with respect to the main disk
of the galaxy. The most distant, SC1, is located 11 kpc from the centre of NGC
6822, placing it into the outer halo (see Fig. 4.3).
There is a Hi cloud to the north–west of the galaxy which de Blok and Walter
(2000) suggest may belong to a separate system i.e. a companion or satellite galaxy.
This idea is supported by a jump in the radial velocity at this position. However,
Cannon et al. (2012) show that the star formation history for this region is indis-
tinguishable from the rest of the outer halo, and so it is unlikely to be a legitimate
galaxy.
4.2.2 WLM
Wolf–Lundmark–Melotte (WLM, Wolf 1909; Melotte 1926) is a dwarf irregular
galaxy close to 1 Mpc from the Milky Way, whose nearest neighbour Cetus lies
∼200 kpc away. By characterising the effect on a galaxy by its nearest tidal dis-
turber, Karachentsev (2005) showed that WLM is one of the least tidally affected
galaxies in the Local Group. It cannot have experienced more than one pericentre
passage, which if it occurred must have been >11 Gyr ago, and is not believed to
have undergone any interactions since its formation (Leaman et al., 2012).
WLM features a faint, old, metal–poor halo surrounding a young, metal–rich
disk. The structure may resemble either a flattened oblate spheroid or a thickened
disk (Leaman et al., 2012). There are two distinct populations in WLM. More than
half of the stars in the outer field formed over 10 Gyr ago, and 90% formed by 7 Gyr
ago, whilst the inner, younger population has formed more than 50% of its mass
within the last 5 Gyr (Albers et al., 2019). This steep age gradient could imply
the presence of strong feedback and hence a dark matter core. Velocities suggest
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Figure 4.2: RGB colour composite image of the centre of WLM, as observed by
PAUCam in PIGS. The image is produced using the i–band as red, the g–band as
blue, and an average of the two bands as green.
that the evolved population may be dispersion supported, while the younger stars
are rotation supported as is typical in dIrrs (Leaman et al., 2009). This could have
consequences for our understanding of galactic evolution. The Hi disk is much
more extended than the optical disk, and appears to be decoupled from the stellar
component (Leaman et al., 2009). Kepley et al. (2007) detect a central hole in the
Hi, described as a ‘hook’, caused by star formation propagating outwards from the
centre of the galaxy. As much as 20% of WLM’s mass may be associated with this
feature.
WLM hosts one known globular cluster, WLM–1, located just outside the main
disk. WLM–1 is unusual in its high ellipticity,  = 0.17, which cannot be explained
by rotation (Stephens et al., 2006). Instead, this is most likely due to anisotropy
in the velocity dispersion. The cluster is also unusually bright, with an absolute
magnitude of MV = −9.0 compared to an average of MV = −7.5 for GCs (Larsen
et al., 2014). It is significantly more metal–poor than WLM itself (Larsen et al.,
2014), though its chemical composition is comparable to that of Milky Way GCs.
4.2.3 VV124
VV124— also referred to in the literature as UGC 4879— was first included in the
catalogue compiled by Vorontsov-Velyaminov (1959), with the first resolved study
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made by Kopylov et al. (2008). Located ∼1.3 Mpc from the Sun, and ∼700 kpc from
its nearest neighbour Leo A (Bellazzini et al., 2011b), it lies on the very edge of the
Local Group. It possesses a thin disk of young blue stars, with a thicker distribution
of AGB and RGB stars (Tikhonov et al., 2010). Jacobs et al. (2011) explore the star
formation of VV124 and find two periods of bursty star formation: the first 4 Gyr
were followed by a quiescent period of 10 Gyr, with a recent burst producing a young
stellar population in the central regions. This is supported by metallicity studies
which show a younger, more metal–rich population near the centre (Kirby et al.,
2012). However, the small number of young stars is considered to be inconsistent
with a purely dIrr classification, and Kirby et al. (2012) propose that VV124 is in
fact far along its transformation into a dSph.
Bellazzini et al. (2011a) made the first detection of Hi gas associated with VV124,
centred on the central young population. The total Hi mass of MHI= 8.7× 103M
makes VV124 gas–poor relative to other isolated Local Group dwarfs (only the
dSphs Tucana and Cetus have less). It appears to form a tail to the south–east of
the galactic centre; given the isolated location of VV124, this is more likely to be
the result of stellar feedback than tidal stripping (Tikhonov et al., 2010; Bellazzini
et al., 2011a). The gas may have been re–accreted after initially being expelled
by the older stellar population (Bellazzini et al., 2011b; Jacobs et al., 2011), thus
explaining the two distinct periods of star formation. There has been some difficulty
in establishing a radial velocity for VV124 on account of the Hi gas content and
multiple populations; however Kirby et al. (2012) confirmed a heliocentric velocity
of v= −29.1± 1.3kms−1 and a velocity dispersion of σv= 9.4± 1.0kms−1, consistent
with the motion of the Hi gas.
Density maps produced by Bellazzini et al. (2011a) indicate two extended ‘wings’
at either end of the main ellipse (also observed by Higgs et al, in prep.). Kirby et al.
(2012) found no evidence of rotation in VV124, suggesting that the structure is not
an edge–on disk— although any rotation signal may have been ‘blurred’ by the size
of the velocity dispersion. The extended structure could also be indicative of tidal
tails, though this may be at odds with the isolated nature of the galaxy. Although
Bellazzini et al. (2011a,b) identify two resolved young star clusters in VV124, there
is no clear detection of any globular clusters or satellite galaxies.
4.3 Observations and Data
4.3.1 PAUCam Observations
The PIGS observations were obtained in visitor mode in December 2018 and June
2019 using the Physics of the Accelerating Universe Camera (PAUCam, Padilla et al.
2019) on the William Herschel Telescope (WHT) at the Isaac Newton Group in La
Palma. PAUCam is a visiting instrument mounted at the prime–focus of WHT,
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Table 4.2: Summary of PAUCam observations for the PAUCam Isolated Galaxy
Survey. Columns 3 and 5 list the limiting magnitude of the observations, and
columns 4 and 6 the number and length of exposures per field, in the given fil-
ter. The last column gives the total integration time for the whole galaxy, in hours.
UT Date i mag. i exp. g mag. g exp. Nfields Total
NGC 6822 1–6 Jun 19 22.1 2× 30s 24.3 4× 60s 149 12.5
WLM 5–6 Dec 18 23.5 5× 120s 24.5 4× 180s 9 3.3
VV124 6 Dec 18 23.8 7× 120s 24.5 4× 180s 11 4.8
developed for the Physics of the Accelerating Universe Survey (PAUS1), and was
selected for PIGS because its wide field–of–view allows me to image the full extent
of the halo in relatively few pointings.
PAUCam comprises 40 narrowband filters and 6 ugrizY wide–band filters. I
utilised the g (475 nm) and i (775 nm) filters, which are ideal for targeting RGB
stars, with the intention of reaching a depth of two magnitudes below the tip of the
red giant branch. As NGC 6822 lies in the galactic plane, it suffers from moderate
foreground extinction; I therefore aim to push 1-2 magnitudes deeper in the g band
for this galaxy. The closer distance to this galaxy results in a smaller exposure time
per field, though this is counteracted by the significant increase in the number of
fields required to cover the full extent of the halo on the sky. Exposure times were
calculated using the PAUCam ETC, aiming for a signal–to–noise of S/N > 8 down
to the limiting magnitude (listed in table 4.2).
The instrument has a total field–of–view of 1 deg2; however, the outermost CCDs
suffer from vignetting of up to 60% at the borders. For this reason, the observations
were designed such that only the central 8 CCDs were utilised, with a field–of–view
of 40 arcmin2. I designed the pointings to extend out to the virial radius of each
galaxy, as estimated from the stellar mass–halo mass relation (Read et al., 2017):
the virial radii are estimated to range between 35–50 kpc, equating to on–sky radii
of 2–5 degrees when the distance to the target is accounted for. Maps of these
pointings are shown in Fig. 4.3. Each field consists of a series of dithered exposures
to account for the 2” chip gap in the detector.
A summary of the observing runs is provided in table 4.2. The observations took
place over two observing runs, following a previous observing run in December 2017,
which was unsuccessful due to poor weather. During the first run, on the night of 5–
6 December 2018, poor conditions resulted in a mean seeing of 3.25”. Observations
of VV124 and WLM were initially intended to reach the full virial radius. However,
due to technical difficulties the telescope was only available for one night of the
observing run, and so only 9 of the 21 planned fields in WLM, and only 11 of the 16
planned fields in VV124 were observed. To account for the visibility of NGC 6822,
1https://www.pausurvey.org
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Figure 4.4: Sample fields from the PAUCam observations of NGC 6822 (top),
WLM (middle) and VV124 (bottom). Each panel shows one 40 arcmin × 40 arcmin
g–band field from the halo.
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the second run consisted of 6 half–nights from 1–6 June 2019. Better conditions
resulted in a mean seeing of 1.57” across the 6 nights of observation.
A colour–composite of the centre of WLM, formed from the PAUCam imaging,
is shown in Fig. 4.2. The known globular cluster is visible in this image as a diffuse
object to the right of the central galaxy. Fig. 4.4 shows a selection of sample fields
from the halo of each galaxy in the survey.
4.3.2 Data Reduction and Source Extraction
PAUCam performs an initial data reduction of the central 8 CCDs (those which are
not vignetted), which is described in Eriksen et al. (2019). This routine subtracts
the overscan region, applies a gain correction and masks cosmic rays. Bias subtrac-
tion is performed using a master bias constructed from the median of at least five
images, and dome flats are used for a flat field correction. These calibration images
were taken at the start of each night. The reduction provides an accurate WCS
astrometric calibration, which is used throughout this analysis, by calibrating with
Gaia DR1 (Gaia Collaboration et al., 2016).
I used the image resampling and co–addition software SWarp2 (Bertin et al.,
2002) to stack the images for each field. The Lanczos3 interpolation function was
used for resampling, as this provides the best compromise between preserving the
signal and minimising artefacts (Sand et al., 2009). Images were co–added using
a median average based on the provided astrometric solution. SWarp performs a
local background subtraction using a mesh size of 128×128 pixels. A final, stacked
image was produced for each field.
Stellar photometry was performed using Source Extractor3 (Bertin and
Arnouts, 1996). I run SExtractor on each stacked images with a detection thresh-
old of 3–σ, and a minimum detection area of 8 pixels. The output segmentation maps
were used to check the detected sources. I also plotted the apertures of the detected
sources over the stacked image to ensure a balance between source detection and
eliminating noise. The g– and i–band catalogues were then merged, assuming that
stars within 1 arcsec were the same. Only stars detected in both filters were included
in the final sample.
The instrumental magnitudes were converted to a standard magnitude system
by calibrating with Pan–STARRS1 DR2 (hereafter PS1, Chambers et al. 2016)
following a similar method to that described in Longeard et al. (2018). Objects
in the survey catalog are cross–matched with PS1, using only PS1 sources with
photometric uncertainties below 0.05 mag. I determine the colour equations for
each field by comparing the instrumental magnitude with the corresponding PS1
magnitude. The calibration for Field 1 of WLM is shown as an example in Fig. 4.5.
The calibrated magnitudes are defined as
2version 2.38.0; https://www.astromatic.net/software/swarp
3version 2.5.0; https://www.astromatic.net/software/sextractor
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Figure 4.5: Comparison between the instrumental magnitude and Pan–STARRS
DR2 for the catalog of Field 1 of WLM. A quadratic least squares fit is shown, used
to determine the calibrations listed in 4.3.2.
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gPS1 − ginst = ag(ginst − iinst)2 + bg(ginst − iinst) + cg (4.3.1)
iPS1 − iinst = ai(ginst − iinst)2 + bi(ginst − iinst) + ci, (4.3.2)
with the coefficients a b and c determined from a least squares fit, shown as the red
dashed line in Fig. 4.5. The calibrated magnitudes are then corrected for extinction
using the coefficients from Schlafly and Finkbeiner (2011) for the PS1 g– and i–
bands, defined as
g0 = gPS1 − 3.172E(B − V ) (4.3.3)
i0 = iPS1 − 1.682E(B − V ) (4.3.4)
The reddening E(B−V ) is taken from the Schlafly and Finkbeiner (2011) dust maps,
derived using the central coordinates of the given field to account for variations
across the halo. This is particularly important for NGC 6822, which lies close to
the galactic plane and hence suffers from high extinction. E(B − V ) values for the
centre of each galaxy are listed in table 4.1 as a guide. This process returns a fully
calibrated catalog of sources for each individual field.
4.3.3 Initial Photometric Results
The colour–magnitude diagrams for my galaxy sample are shown in Fig. 4.6. Each
CMD is produced from the calibrated catalog of sources for Field 1 of the galaxy.
The red arrows mark the expected position of the tip of the red giant branch. These
CMDs show that my catalogs extend to approximately 2 magnitudes below this,
as expected from the observation planning. At present, these CMDs are heavily
contaminated by foreground stars, making it difficult to identify features from the
dwarf such as the RGB.
4.4 Analysing the Structure of the Halo
As described above, the primary aim of PIGS is to characterise the substructure
present in each of the surveyed halos. Fig. 4.7 shows the known globular cluster
population of these galaxies, as observed by PAUCam in the g–band. Prior to this
study, there are known to be 8 globular clusters in NGC 6822, and one in WLM. I
am able to identify all these clusters in my imaging, including the faint SC4 and SC5
in NGC 6822. This indicates that such targets are visible in the photometry, and
as such, one may expect to uncover further evidence of structure in the wider virial
halo. Furthermore, as some of these clusters are resolved in the PIGS photometry,
it confirms that I am able to reach the magnitude of the tip of the red giant branch.
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Table 4.3: Magnitudes of the known globular cluster population of NGC 6822 as
derived in this work, compared to literature values from Veljanoski et al. (2015).
gPIGS gV15 Diff. iPIGS iV15 Diff.
Hubble VII 15.46 14.72
SC1 16.24 16.62 -0.38 16.03 15.97 0.06
SC2 17.64 16.80
SC3 18.35 18.79 -0.44 17.94 18.08 -0.14
SC4 17.94 17.00
SC5 22.47 >19.3 – 20.96 >18.2 –
SC6 15.44 15.76 -0.32 14.79 15.03 -0.24
SC7 14.95 15.24 -0.29 14.09 14.29 -0.20
By comparing with the literature, these globular clusters can be used to test
my magnitude calibration. For the clusters in NGC 6822, I compare to Veljanoski
et al. (2015), which uses PS1 data. Due to crowding and the resolved nature of
the clusters, I am unable to obtain a clean magnitude measurement for Hubble
VII, SC2 and SC4. The average offsets between the rest of my magnitudes and
the literature values are < iPIGS − iV15 >= −0.13, < gPIGS − gV15 >= −0.36, so
my results are largely consistent with expectations. Note that for SC5, Veljanoski
et al. (2015) measure only an upper limit to the magnitude, so I exclude this offset
from the average: my measured magnitude is fully consistent with this limit. Full
photometry of the NGC 6822 globular clusters is shown in table 4.3. For the WLM
globular cluster, I measure an i–band magnitude of 15.51. This is consistent with the
literature value of i = 15.16 (Billett et al., 2002). On this basis, I can be confident
that my magnitude calibration is accurate.
Further reduction steps can be taken to clean the images of contamination and
reveal faint and diffuse objects associated with the galaxy. Foreground stars can
be filtered based on CMD position, by applying a bounding box to select only
the probable RGB stars. The position of the bounding box can be estimated by
overlaying isochrones to the global CMD, and should be designed to remove as much
of the foreground Milky Way as possible. Similarly, the star–galaxy separation must
be tested to avoid including background galaxies in the catalog. A density map of
the selected RGB stars can then be produced to highlight the structure of the halo.
The positions of the stars should be binned in RA and Dec. to create a map of the
halo from which shells and streams, and even dwarf companions, may be identified
as overdensities. In this way, Crnojevic´ et al. (2016) uncovered numerous streams,
shells and satellites of Centaurus A. Detected streams can be mapped to determine
their full extent, and to search for a possible progenitor such as an associated cluster
or satellite. One known feature which may be worth investigating is the so–called
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Hubble VII SC1 SC2
SC3 SC4 SC5
SC6 SC7 WLM-1
Figure 4.7: The 8 known globular clusters of NGC 6822, and the one globular
cluster in WLM, as imaged by PAUCam in the g–band. The clusters are given the
same designations as in their discovery papers.
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Figure 4.8: A low surface brightness feature in Field 52 of NGC 6822. The feature
(circled) extends for ∼12 arcmin from North to South, and may represent a stream
or shell in the halo, though further analysis is required. Note that this image is
rotated, so North is to the left and East is to the bottom.
‘wings’ which have been found to extend from VV124 (Bellazzini et al., 2011a).
PIGS imaging may reveal whether these have a counterpart in the wider halo, and
hence provide clues as to their origin.
Though I make no definitive detection of streams or shells in the PAUCam data
thus far, I note that low surface brightness features are visible in the photometry at
its current level of reduction. Fig. 4.8 shows one such feature, detected in Field 52
of NGC 6822. This feature is present in both filters, suggesting it is not an artefact,
and appears to extend for around ∼12 arcmin from North to South. It is plausible
that features such as this may represent a stream– or shell–like structure, though
further analysis would be required to confirm this. However, it is important to note
that such features can be seen even in the ‘uncleaned’ images.
To find faint satellite galaxies, foreground stars and the bright central regions
of the galaxy may need to be masked. Bright stars are often surrounded by halos
of scattered light, and/ or may be saturated resulting in bleeding into neighbouring
pixels. By masking these regions, faint and diffuse companion galaxies can be re-
vealed. Such a routine uncovered large samples of satellites of more massive hosts
in Carlsten et al. (2019). If found, these companion galaxies can be analysed for
their photometric properties. The surface brightness profile can be plotted and a
Sersic profile fitted, providing quantities such as the size and luminosity of the de-
tected dwarf. A CMD of the satellite can be produced, and the distance to the
galaxy determined from the tip of the red giant branch. Matching an isochrone to
the CMD could also provide estimates of the age and metallicity of the dwarf, and
can be used to statistically clean the sample of foreground contamination. Similar
techniques can also be used to analyse resolved globular clusters, which are usually
detected by visual inspection. For unresolved objects such as compact globular clus-
ters (similar to SC6 and SC7, for example), a colour selection method can be used to
identify candidates. Peng et al. (2011) propose a colour cut 0.6 < g− i < 1.5, which
should encompass the old cluster population. Integrated photometry can then be
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performed to derive photometric properties such as colours and luminosities.
For any detected substructures, follow–up spectroscopy can be performed. Using
the PIGS photometry for targeting, a spectrograph on a larger telescope such as the
VLT may reach sufficient signal–to–noise to determine the kinematics and metallicity
of the targets, either from stellar spectra of resolved structures, or from integrated
spectroscopy of the target as a whole. This can confirm association with the host,
and may provide further clues as to the evolution of the halo.
4.5 Conclusions
In this chapter I have introduced the PAUCam Isolated Galaxy Survey, a new pho-
tometric survey of the environs of isolated, low mass galaxies which aims to identify
and characterise substructure in the virial halo. Using g– and i– band imaging from
the wide field PAUCam on WHT, I tile pointings out to the virial radii of NGC 6822,
WLM and VV124. The images have been reduced and stacked, and the stars have
been catalogued. The next stage is to identify substructure in these data. I have
shown that I am able to resolve the known globular cluster population of the galaxy
sample, and that low surface brightness features which may represent streams or
shells are visible in the images. By further cleaning the images of contamination,
any structure present can be identified and characterised. Given the range of halo
masses surveyed, quantifying such substructure in these halos will place constraints
on the ΛCDM paradigm and its predictions of hierarchical merging.
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Chapter 5
Conclusions
In this thesis I have presented new observations of a number of dwarf galaxies which
have evolved in a wide variety of environments. Here I summarise my results and
consider some potential future avenues for this research.
5.1 Constraining the Density Profile of Tucana
In chapter 2, I presented new observations of the isolated Local Group dwarf galaxy
Tucana. Using spectroscopy from the FLAMES+GIRAFFE spectrograph on the
VLT, I measure a heliocentric radial velocity of vTuc = 216.7
+2.9
−2.8kms
−1 and a velocity
dispersion of σv,Tuc = 14.4
+2.8
−2.3kms
−1. This velocity dispersion is consistent with
Tucana residing in a massive halo with maximum circular velocity vmax > 40kms
−1,
making it an exception to the too–big–to–fail problem identified by Boylan-Kolchin
et al. (2011, 2012). I explore this further by performing Jeans modelling of the
density profile, and measure a high central density which appears to be consistent
with the presence of a pristine cusp. These results may be explained by the shut
down in star formation in Tucana early in its history, possibly due to an interaction
with the Milky Way. The star formation cycle leads to gravitational fluctuations
which push dark matter out from the centre of the halo, lowering the central density
and reducing the initial cusp to a core (see section §1.1.2 for a full description of dark
matter heating). Tucana has not experienced an extended star formation history
and so has not undergone significant dark matter heating, and has therefore been
able to retain its central mass.
However, while I can be confident in the high central density of Tucana, the small
stellar sample leads to large uncertainties in the shape of the profile, such that a cored
halo cannot be ruled out at the 2–σ level. In particular, the dense central regions
of the galaxy are poorly sampled. This is largely due to instrumental limitations:
the data were obtained using FLAMES+GIRAFFE, a fibre–fed spectrograph which
requires a minimum target separation of 11”. This results in a small sample of 36
member stars, of which only 8 lie inside the half–light radius. As such, the central
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Figure 5.1: Left: Tucana colour-magnitude diagram, with the S/N achievable in 8
hours integration with MUSE marked. Right: RA and Dec. of Tucana sources with
the field-of-view of the two MUSE pointings overlaid. Sources which will achieve
S/N > 3 in 8 hours integration are shown in green.
velocity dispersion and density are poorly constrained, as shown by the increasing
error bars at inner radii in figures 2.8 and 2.9. The density profile could be consistent
with a shallow core at the 2–σ level.
To increase the size of the membership sample, I have been awarded 20 hours
observing time on the MUSE instrument at the VLT. As an integral field unit (IFU),
MUSE can target many more stars in the dense central regions of the galaxy. The
1 arcmin2 field–of–view of MUSE is comparable to the half–light radius of Tucana,
and so the centre can be probed with just two pointings. Using previous photometry,
I estimate that ∼30 member stars lie within the field for which spectra of S/N > 10
can be obtained (see Fig. 5.1). A further ∼60 candidate members may be obtained
with S/N > 3, reducing the errors on the central velocity dispersion to within 1–3
kms−1. In section §2.4.3, I showed that increasing the sample size to ∼100 effective
members, as the proposed MUSE observations would do, will improve the accuracy
of GravSphere modelling and help to better constrain both the inner density and
the shape of the profile. If the presence of a pristine cusp is confirmed, it would
strongly support the theory that Tucana’s isolation and dearth of star formation has
shielded it from the stellar feedback which would remove the central dark matter.
On the other hand, if Tucana is found to be cored, this would raise questions about
how dark matter heating can proceed in galaxies without an extended star formation
history. The MUSE observations were scheduled for service mode in Semester 103,
and have recently been completed.
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5.2 Is Hercules Tidally Disrupting?
Chapter 3 introduced new Keck/ DEIMOS spectroscopy of the Milky Way satellite
Hercules. Previous photometry suggests that Hercules is highly elongated, with a
3:1 axis ratio, and is surrounded by substructures (Coleman et al., 2007; Roderick
et al., 2015). These results, combined with a potential velocity gradient across the
galaxy (Martin and Jin, 2010), have led some to believe that Hercules is undergoing
tidal disruption by the Milky Way. The systemic velocity and velocity dispersion of
Hercules presented in this work (vHerc = 46.4 ± 1.3 kms−1; σv,Herc = 4.4+1.4−1.2 kms−1)
are consistent with previous studies, but the large uncertainties on the velocity
gradient measured here are consistent with a gradient of zero. I also measure a
metallicity of [Fe/H]= −2.53±0.19 dex, making Hercules a particularly metal–poor
galaxy which falls below the standard mass–metallicity relation.
To date, the majority of spectroscopic studies have focussed on the central re-
gions of the galaxy, barely extending beyond the half–light radius. Fu et al. (2019)
presented the first spectroscopy of the farther flung regions which may have been
tidally stripped from the main body, but were unable to conclusively identify any
members. A key emphasis of future studies must be to investigate the stellar over-
densities identified in photometry. The definitive identification of kinematic mem-
bers located in these clumps would confirm their association with Hercules, giving
weight to the argument that they were once part of the main body. Detection of a
velocity and/ or distance gradient across the wider extent of Hercules would also be
strong evidence in favour of tidal disruption. It would also be of interest to compare
the metallicities of stars in the main body with those in the stripped regions, to
investigate whether they have the same chemical composition.
For Hercules to be tidally disrupting, its orbit must bring it close enough to
the Milky Way. By combining my spectroscopy with astrometry from Gaia DR2,
I measure the proper motion of Hercules to be µα∗ = µα cos(δ) = −0.153 ± 0.074
mas yr−1, µδ = −0.397± 0.063 mas yr−1. These proper motions suggest an orbital
path which is misaligned with the elongation of the Hercules disk, contrary to what
is expected in a disrupting system. This may be resolved by future studies. The
introduction of the third Gaia data release, scheduled for 2020 and 2021, is expected
improve the accuracy of the astrometry relative to Gaia DR2. Reaching a fainter
magnitude than DR2 due to the extended observation time, it is expected that DR3
will contain more sources, potentially increasing the size of the Hercules sample
(which could also be increased by future spectroscopy). The subsequent reduction
in the uncertainties in the proper motions may help to reduce the tension in the
position angles. If it does not, it would imply that Hercules is intrinsically aspherical,
and that its elongation is not due to the tidal influence of the Milky Way. Indeed,
the models of the orbital path presented in section §3.4.1 suggest a large pericentre
which may be insufficient to induce tidal disruption in Hercules. This poses the
question of what else could have caused the significant tidal debris surrounding
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Hercules? One possibility is that it has interacted with something other than the
Milky Way, such as another satellite galaxy. Future studies would need to address
the unusual morphology of this galaxy in the context of a stable orbit about the
Milky Way.
5.3 The PAUCam Isolated Galaxy Survey: Ex-
pectations from Simulations
In chapter 4 I introduced PIGS, a new survey of isolated, low mass dwarf galaxies
in the Local Group. Under ΛCDM, galaxies are believed to grow by hierarchical
merging, with smaller halos forming first and aggregating into larger structures.
This new survey uses photometry of dwarf galaxies at a range of mass scales to look
for evidence of an accretion history. Having generated photometric catalogs for NGC
6822, WLM and VV124, the next step in this project is to identify and characterise
any substructures present in their virial halo. The structures can be mapped, and
the WHT imaging used to determine key characteristics such as colour, luminosity
and morphology. Follow up spectroscopy on any structures of particular interest
can be used to determine kinematics and chemical composition, helping to confirm
the association with the host and providing further clues as to the evolution of the
galaxy.
Once the substructure has been characterised, one can compare with expecta-
tions from simulations of low mass dark matter halos. The “Engineering Dwarfs
at Galaxy Formation’s Edge” (EDGE, Agertz et al. 2019) project is studying the
formation and evolution of the smallest galaxies. EDGE is producing cosmological
zoom simulations of isolated dwarf galaxies, with z = 0 halo masses ranging from
M200 = 1 − 8 × 109M, incorporating realistic stellar feedback and cosmic reion-
ization, and exploring a range of assembly histories. The halos are simulated for a
full Hubble time, with star formation quenched by the cosmic UV background by
z = 4, and as such are comparable to observations of low mass dwarfs in the Local
Group. By adjusting the halo mass at reionization, while retaining the same current
day halo mass, EDGE is able to compare different assembly histories at a fixed halo
mass, and explore how early star formation before reionization affects the observable
properties (Rey et al., 2019). Furthermore, reionization quickly halts star formation
in low mass halos— those with M200 < 10
8M at reionization, typically the mass
scale of ultra–faints. EDGE may shed light on this process, and in particular the
existence of star forming ultra–faints such as Leo T.
The EDGE project has a fiducial dark matter mass resolution of 1000 M per
particle (down to 100 M per particle in the highest resolution simulations), and is
able to resolve substructures within the virial radii of simulated halos. The simula-
tions can therefore produce predictions for the quantity of observable substructure
expected at different halo masses. Furthermore, with the ability to ‘genetically mod-
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ify’ the assembly histories of the halos, the project can tie together the amount of
structure in the halo visible at the present time with the growth of the galaxy at
earlier times. PIGS pushes down to halo masses of M200 ≈ 5 × 109M, and so the
observations are directly comparable with the EDGE halos. By combining the two
projects, the conditions and evolutionary processes which have resulted in the ob-
served halo structure can be uniquely characterised, answering questions about how
the halo’s mass affects its ability to accrete smaller structures and grow through
hierarchical mergers.
5.4 Final Thoughts
In this thesis I have demonstrated that the environment in which a dwarf galaxy
resides has a strong impact on its observed properties today. Tucana is particularly
unusual in that it is highly isolated today, but has no ongoing star formation. I have
shown how its dark matter halo has been shaped by its quiescent nature, retaining
its high central density and a plausible cusp in the dark matter density profile. By
contrast, the Hercules dwarf is subject to the gravitational influence of the Milky
Way. Its highly elongated morphology suggests that it may be undergoing some form
of tidal disruption. Although my results do not rule this out, they are suggestive
of an orbit which is misaligned with the elongation. While spectroscopic studies
such as these provide insights in the dynamics of dwarf galaxies and the nature
of their dark matter content, photometric studies can provide important clues as
to the structure of their stellar component. The PAUCam Isolated Galaxy Survey
introduced in this work is searching for substructure in the environs of dwarf galaxies.
Quantifying the observable substructure present at different mass scales will improve
our understanding of hierarchical merging in the context of ΛCDM. Future work
such as the MUSE observations of Tucana and the continuing development of the
PIGS survey will build on these findings to further develop our understanding of the
evolution of dwarf galaxies and their dark matter halos.
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Appendix A
Observed Stars in Tucana
Table A.1 lists the observed details of all successfully reduced targets observed in
Tucana with FLAMES+GIRAFFE. Those identified as members are noted in the
final column.
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Table A.1: Details of all successfully reduced targets observed with
FLAMES+GIRAFFE. Columns are: (1) Object ID; (2) Line–of–sight heliocentric
velocity with error; (3) Right Ascension in J2000; (4) Declination in J2000; (5) g–
band magnitude from Magellan/ MegaCam imaging; (6) i–band magnitude from
Magellan/ MegaCam imaging; (7) S/N ratio in pix−1; (8) Member?; (9) ID of coun-
terpart in F09 dataset; (10) Velocity and error of F09 counterpart.
Object Velocity (kms−1) RA (deg) Dec. (deg) g i S/N M?
21138 116.7±30.0 340.5952 -64.2066 23.05 21.15 13.8 N
51120 240.7±8.4 340.3689 -64.4116 22.82 21.71 10.4 Y
34818 -63.0±3.6 340.2907 -64.3046 22.61 21.11 10.6 N
47042 234.5±14.3 340.8035 -64.3871 22.90 21.87 10.2 N
35540 202.1±14.2 340.6042 -64.3096 23.91 21.24 15.9 N
43254 273.1±7.0 340.2368 -64.3616 21.96 20.80 5.9 N
48384 242.4±8.2 340.6717 -64.3961 22.92 21.12 13.3 Y
54972 -24.6±14.3 340.2504 -64.4288 22.99 21.81 7.2 N
100021 192.7±13.3 340.5692 -64.3835 22.50 20.40 10.8 N
100020 24.5±14.2 340.3289 -64.4249 21.57 20.35 13.0 N
20980 -10.5±9.2 340.7093 -64.2055 22.61 20.50 11.1 N
49196 249.1±12.3 340.4029 -64.4011 23.12 21.86 13.4 Y
27434 -17.8±17.6 340.4209 -64.2542 22.32 21.80 12.2 N
43260 119.2±8.0 340.7948 -64.3617 21.69 20.37 7.8 N
18416 222.3±20.7 340.6519 -64.1886 22.74 20.90 9.1 N
24848 28.6±10.6 340.6153 -64.2350 22.28 20.63 11.8 N
25301 165.0±28.9 340.6969 -64.2382 22.68 21.66 14.0 N
22297 -53.6±11.0 340.1314 -64.2154 21.84 20.48 7.9 N
21919 64.2±14.2 340.6332 -64.2125 22.75 20.84 8.6 N
60765 124.6±13.5 340.6974 -64.4651 22.55 20.98 10.3 N
100005 202.3±5.5 340.4345 -64.4083 22.43 20.81 8.9 Y
27260 194.1±12.7 340.4753 -64.2531 22.83 21.27 9.4 Y
100017 211.5±3.6 340.3983 -64.4114 22.52 20.77 10.4 Y
39993 -76.0±11.7 340.3269 -64.3400 21.65 20.37 8.1 N
100018 176.2±77.3 340.3533 -64.4145 22.82 20.73 9.7 N
42547 47.9±7.5 340.5204 -64.3572 23.07 21.24 8.2 N
100006 231.2±12.3 340.4922 -64.4236 22.55 21.18 12.7 Y
38665 69.0±3.8 340.3902 -64.3313 20.16 19.10 7.2 N
40477 165.3±3.4 340.9317 -64.3437 19.32 18.70 6.4 N
100009 221.8±4.2 340.4961 -64.4117 22.58 20.84 12.5 Y
43720 63.9±2.0 340.4184 -64.3646 21.19 19.02 10.0 N
31326 4.8±5.5 340.6297 -64.2810 22.13 20.32 12.4 N
32709 161.8±17.1 340.9215 -64.2903 22.06 20.56 13.4 N
32288 -12.3±11.1 340.6082 -64.2874 21.71 19.69 11.2 N
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Object Velocity (kms−1) RA (deg) Dec. (deg) g i S/N M?
44431 4.3±18.2 340.3150 -64.3690 22.85 21.05 9.5 N
35289 168.0±26.9 340.9532 -64.3079 22.03 20.92 9.2 N
54686 231.9±4.0 340.8378 -64.4275 21.91 20.68 10.0 N
100007 196.7±4.5 340.4203 -64.4161 22.77 21.05 7.8 Y
31104 259.4±6.0 340.3430 -64.2792 22.32 20.55 9.5 N
34708 55.3±22.6 340.8146 -64.3037 22.30 20.94 12.3 N
32371 253.2±51.7 340.2557 -64.2879 22.83 20.73 12.4 N
50350 224.5±4.2 340.4505 -64.4075 22.80 21.50 9.6 Y
40705 220.6±10.0 340.6201 -64.3452 23.55 21.93 12.3 Y
39444 85.8±17.3 340.2572 -64.3364 22.03 20.48 11.9 N
54894 248.7±15.3 340.6610 -64.4284 23.04 21.59 10.9 Y
50951 234.8±4.3 340.4445 -64.4107 22.94 21.93 11.4 Y
35409 -85.0±17.9 340.8988 -64.3087 22.58 20.53 11.5 N
30098 136.0±1.7 340.5098 -64.2723 17.41 16.77 9.5 N
18966 225.6±5.9 340.8224 -64.1927 22.68 21.47 9.1 N
4032 201.2±12.7 340.5085 -64.0873 22.77 21.22 7.4 N
53700 198.5±5.1 340.4661 -64.4231 23.07 21.73 9.0 Y
39325 16.2±10.7 340.5570 -64.3355 23.74 20.61 12.6 N
41818 87.2±27.3 340.4806 -64.3526 22.96 21.28 9.1 N
51422 208.6±2.6 340.3645 -64.4132 23.17 21.75 8.8 Y
51322 -5.4±6.9 340.1880 -64.4127 22.25 20.93 10.5 N
100019 -3.0±7.4 340.3807 -64.4536 20.24 19.69 14.9 N
40996 -1.5±3.4 340.5580 -64.3471 22.07 19.07 8.6 N
22156 24.7±7.4 340.9262 -64.2143 21.85 20.61 8.9 N
32638 183.6±28.1 340.5677 -64.2899 22.41 20.47 11.0 N
50864 39.1±13.7 340.3877 -64.4102 22.84 21.37 10.3 N
26258 218.1±19.4 340.9135 -64.2456 22.88 21.36 13.2 N
45927 40.1±14.1 340.1370 -64.3799 22.86 21.30 15.1 N
100013 222.4±20.8 340.5074 -64.4072 22.34 20.66 12.9 Y
52574 232.4±9.0 340.7715 -64.4183 22.34 19.98 10.0 N
100002 215.2±5.1 340.4645 -64.4238 24.64 24.03 9.9 Y
28726 234.9±8.2 340.5508 -64.2632 24.32 21.15 11.8 N
20829 88.3±23.0 340.8649 -64.2044 22.96 21.02 8.8 N
46004 11.1±8.5 340.4240 -64.3804 22.44 21.26 14.9 N
53621 184.8±11.7 340.7687 -64.4228 22.80 20.93 7.6 N
51984 58.6±20.5 340.8283 -64.4157 22.36 21.04 9.0 N
5642 222.4±8.9 340.4518 -64.0993 23.31 21.55 8.0 N
28959 193.5±10.0 340.1319 -64.2649 22.77 21.20 8.5 N
52007 219.9±3.3 340.5419 -64.4159 23.06 21.86 9.5 Y
20561 214.0±7.7 340.8407 -64.2029 21.77 20.54 8.4 N
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Object Velocity (kms−1) RA (deg) Dec. (deg) g i S/N M?
30380 212.4±10.8 340.2958 -64.2742 23.01 21.51 13.1 Y
100016 223.0±6.7 340.4097 -64.4023 22.43 20.79 10.1 Y
48450 224.7±9.9 340.6969 -64.3965 22.85 21.83 12.1 Y
100001 193.3±13.6 340.4470 -64.4223 22.72 20.78 12.5 Y
5411 25.4±40.5 340.4782 -64.0976 22.16 20.91 8.8 N
31905 137.2±35.2 340.5461 -64.2848 23.02 20.91 10.4 N
31878 16.9±27.3 340.6484 -64.2846 22.40 21.39 11.0 N
19228 -22.6±18.6 340.5716 -64.1945 23.21 21.94 8.2 N
16300 222.7±4.9 340.8158 -64.1750 22.37 20.52 8.6 N
39027 235.7±18.1 340.5467 -64.3336 23.05 21.11 12.2 Y
24991 53.5±16.0 340.7605 -64.2360 23.22 21.84 11.4 N
13690 227.7±16.6 340.7619 -64.1563 22.88 21.70 7.9 N
100003 199.1±8.9 340.4745 -64.4183 24.40 23.64 8.1 Y
45504 246.5±21.2 340.2180 -64.3769 23.02 21.27 12.0 Y
20262 23.1±13.0 340.2180 -64.2008 22.70 20.61 15.0 N
19109 183.3±29.7 340.7541 -64.1938 23.22 21.52 8.5 N
25558 180.4±6.5 340.4206 -64.2400 22.48 20.45 8.9 N
7717 -37.3±11.9 340.3628 -64.1147 23.09 21.77 8.4 N
49630 220.1±5.7 340.5278 -64.4035 23.09 21.73 10.4 Y
26562 -92.3±8.9 340.4725 -64.2480 22.65 20.96 10.2 N
22014 -32.3±7.0 340.5670 -64.2132 22.14 20.65 8.2 N
33846 15.0±6.0 340.3635 -64.2980 23.11 21.31 14.3 N
22526 -60.2±5.4 340.2761 -64.2171 22.53 19.17 5.2 N
16892 216.3±17.5 340.5673 -64.1789 22.53 21.45 10.7 N
37852 277.7±12.8 340.4948 -64.3263 23.23 21.35 15.8 N
24956 205.4±19.5 340.3787 -64.2358 23.51 21.87 13.1 Y
23221 192.0±19.0 340.7953 -64.2225 22.81 21.41 11.2 N
25382 42.5±9.7 340.1899 -64.2388 20.37 19.83 8.5 N
44068 239.6±8.9 340.3410 -64.3668 23.15 20.44 13.2 N
21201 46.7±7.2 340.5607 -64.2070 22.77 20.70 6.9 N
25087 107.5±23.6 340.9204 -64.2367 19.29 18.06 10.8 N
100014 224.6±10.1 340.4582 -64.3949 22.10 20.74 13.0 Y
31071 -78.8±6.3 340.7604 -64.2790 22.37 20.41 12.3 N
9224 209.3±5.5 340.3128 -64.1268 22.56 21.11 8.1 N
23752 -42.1±11.5 340.4731 -64.2267 23.83 20.30 8.1 N
28804 65.8±7.0 340.2914 -64.2637 22.47 21.09 9.6 N
7674 125.7±29.6 340.4548 -64.1143 22.28 21.07 9.1 N
43472 -19.3±23.8 340.4403 -64.3631 22.49 21.43 12.4 N
39557 210.6±12.2 340.1426 -64.3371 22.43 21.08 10.4 N
21528 37.4±15.6 340.7031 -64.2097 22.51 20.44 9.9 N
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28435 228.4±9.2 340.5639 -64.2612 23.11 21.73 9.2 Y
24957 91.7±9.0 340.7516 -64.2358 22.92 21.07 8.8 N
41813 193.1±2.9 340.5327 -64.3526 22.64 21.14 14.0 Y
32116 29.1±6.6 340.5078 -64.2861 22.27 20.39 10.6 N
28008 198.1±21.2 340.9300 -64.2585 25.02 23.76 8.3 N
47569 209.1±3.4 340.3431 -64.3906 22.50 21.11 13.8 Y
54691 226.4±11.6 340.6335 -64.4276 23.08 21.93 10.6 Y
49958 201.0±0.4 340.4230 -64.4053 22.95 21.56 10.7 Y
34523 247.6±16.3 340.5140 -64.3024 22.65 21.01 9.9 Y
13504 240.5±6.1 340.2465 -64.1551 22.83 21.07 6.0 N
52613 214.1±7.2 340.6170 -64.4186 23.10 21.67 9.5 Y
32163 152.7±26.1 340.5857 -64.2864 22.61 20.41 11.0 N
50487 174.5±11.6 340.4345 -64.4083 22.43 20.81 9.0 Y
20184 182.9±8.1 340.4447 -64.2003 22.77 20.67 7.6 N
48246 73.9±24.2 340.9080 -64.3951 23.33 21.93 9.2 N
51722 4.9±19.1 340.3533 -64.4145 22.82 20.73 8.7 N
32477 207.1±7.0 340.7253 -64.2886 22.37 20.41 8.4 N
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Appendix B
Spectra of Hercules Members
Fig. B.1 shows the normalised spectra of my identified Hercules members for which
metallicities have been obtained. A black line shows the Gaussian fit to the Ca II
triplet. The velocity, metallicity, and S/N of each star are provided. Objects which
were too noisy or incomplete in the CaT region to obtain a metallicity measurement
are not shown.
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12 v=48.4±0.7kms 1 S/N=34.0[Fe/H]=-2.78±0.03dex
1
2 v=53.1±5.8kms 1 S/N=6.4[Fe/H]=-1.32±0.28dex
1
2 v=38.5±4.9kms 1 S/N=6.9[Fe/H]=-2.52±0.24dex
1
2 v=49.4±2.4kms 1 S/N=12.0[Fe/H]=-3.33±0.23dex
1
2 v=41.7±1.1kms 1 S/N=19.6[Fe/H]=-2.45±0.06dex
1
2 v=47.5±1.3kms 1 S/N=22.9[Fe/H]=-3.07±0.08dex
1
2 v=40.1±1.5kms 1 S/N=19.8[Fe/H]=-2.92±0.08dex
1
2 v=40.2±11.1kms 1 S/N=6.3[Fe/H]=-2.83±0.45dex
1
2 v=55.0±3.4kms 1 S/N=11.3[Fe/H]=-2.74±0.17dex
8450 8500 8550 8600 8650
 
1
2 v=48.4±7.8kms 1 S/N=5.8[Fe/H]=-1.90±0.31dex
Figure B.1: Spectra of the identified Hercules members for which metallicities have
been obtained. The black line displays the best Gaussian fit to the Ca II triplet.
The measured velocity and metallicity of each object are labelled, as is the S/N of
the spectrum.
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Figure B.1 Cont: Spectra of the identified Hercules members for which metallic-
ities have been obtained. The black line displays the best Gaussian fit to the Ca II
triplet. The measured velocity and metallicity of each object are labelled, as is the
S/N of the spectrum.
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C.1 Publications
The paper Gregory et al. (2019) was published and submitted to Monthly Notices
of the Royal Astronomical Society (MNRAS). This paper was published under the
Oxford Journals Licence to publish (see http://www.oxfordjournals.org/ for de-
tails). Under this licence, as first author I have the right to include this paper
in full or in part in this thesis (see https://academic.oup.com/journals/pages/
authors/authors_faqs/online_licensing#three for details).
C.2 Data
Tucana Observations
Chapter 2 is based on observations collected at the European Organisation for As-
tronomical Research in the Southern Hemisphere under ESO programme 095.B-
0133(A). This chapter include data gathered with the 6.5m Magellan Telescopes
located at Las Campanas Observatory, Chile.
Hercules Observations
Some of the data presented in chapter 3 were obtained at the W. M. Keck Obser-
vatory, which is operated as a scientific partnership among the California Institute
of Technology, the University of California and the National Aeronautics and Space
Administration. The Observatory was made possible by the generous financial sup-
port of the W. M. Keck Foundation. The authors wish to recognise and acknowledge
the very significant cultural role and reverence that the summit of Mauna Kea has
always had within the indigenous Hawaiian community. We are most fortunate to
have the opportunity to conduct observations from this mountain.
Chapter 3 makes use of data gathered with the Large Bincular Telescope. The
LBT is an international collaboration among institutions in the United States, Italy
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and Germany. LBT Corporation partners are: The University of Arizona on be-
half of the Arizona Board of Regents; Istituto Nazionale di Astrofisica, Italy; LBT
Beteiligungsgesellschaft, Germany, representing the Max-Planck Society, The Leib-
niz Institute for Astrophysics Potsdam, and Heidelberg University; The Ohio State
University, and The Research Corporation, on behalf of The University of Notre
Dame, University of Minnesota and University of Virginia.
This chapter has made use of data from the European Space Agency (ESA)
mission Gaia (https://www.cosmos.esa.int/gaia), processed by the Gaia Data
Processing and Analysis Consortium (DPAC, https://www.cosmos.esa.int/web/
gaia/dpac/consortium). Funding for the DPAC has been provided by national
institutions, in particular the institutions participating in the Gaia Multilateral
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The Simon and Geha (2007) catalogue was provided through personal commu-
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Isolated Low Mass Dwarf Survey
Chapter 4 is based on observations made at the William William Herschel Tele-
scope. WHT is operated on the island of La Palma by the Isaac Newton Group
of Telescopes in the Spanish Observatorio del Roque de los Muchachos of the In-
stituto de Astrof´ısica de Canarias. PAUCam photometry was obtained as part of
WHT/2018B/02 and WHT/2019A/05.
The Pan-STARRS1 Surveys (PS1) and the PS1 public science archive have been
made possible through contributions by the Institute for Astronomy, the University
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Observatory Global Telescope Network Incorporated, the National Central Univer-
sity of Taiwan, the Space Telescope Science Institute, the National Aeronautics and
Space Administration under Grant No. NNX08AR22G issued through the Plane-
tary Science Division of the NASA Science Mission Directorate, the National Science
Foundation Grant No. AST-1238877, the University of Maryland, Eotvos Lorand
University (ELTE), the Los Alamos National Laboratory, and the Gordon and Betty
Moore Foundation.
Dwarfs in Extreme Environments 152
C.2. DATA
153 Alexandra L. Gregory
